Contingency Analysis & Ranking with special reference to Yemen National Grid by Ali Salih, Mohamed
Contingency Analysis & Ranking with special 




Mohamed Ali Salih Al-sanabani  
 
 Supervised By : 
Dr. Abdel Rahman Ali Karrar 
 
                              A Thesis Submitted to the  
                
               University of Khartoum for the Degree of 
                  
                    ( M. Sc. ) , Electrical Engineering 
  
 
Department of Electrical Engineering 
FACULTY OF ENGINEERING & ARCHITECTURE 
 
                       
 
                 UNIVERSITY OF KHARTOUM 
 
 
                                                  November - 2004                      
                             CONTENTS 
   
  
ACKNOWLEDGMENTS   ………………………………… .i 
ABSTRACT       ………………………………………….......ii  
CHAPTER ONE          On-Line Dispatch Contingency    
                                       Analysis, Introduction 
                   1.1   Introduction   ………………………………..1        
                  1.2   Study objective ……………………………....4   
CHAPTER TWO            Fundamental Security Concepts 
                  2.1 Detection of potential network 
                     problems …………………………………………6 
                2.2  Contingency selection & ranking……………...10 
CHAPTER THREE        Fast decoupled power flow  
               3.1   Simplifications of the Newton-Raphson 
                       Method ..............................................................11 
               3.2     Calculation of  B′, B″    ………………………....20 
               3.3  applications of the fast decoupled method  
                    for on-line analysis…………………………………21   
              3.4     Applicative of the 1P1Q method to a sample   
                        system …………………………………………….22  
              3.5    Comparison of 1P1Q method against a full  
Fledged  ..........................................................30  
CHAPTER FOUR         The "DC" Power Flow   
             4.1   Introduction ………………………………………..35 
             4.2     application of the DC load flow 
                      to a sample system  ……………………………37 
CHAPTER FIVE          D Factor Methods "Linear     
                                          Sensitivity Factors"  
           5.1     Linear Sensitivity Factors…………………………41 
                        5.2.1  The studies of  Generation shift 
                                  factors ……….........................................44 
                        5.2.1   Generation shift factors…………………49 
        5.3      The studies of Line outage distribution      
                     factors   ………………………………………………51 
                      5.3.1    Line outage distribution ……………….51                           
                                5.3.1.1   Example for calculation of line        
                                                outage  distribution     
                                               factor……………………………..55 
                                5.3.2.1    Line outage distribution 
                                              factors……………………………..60  
  CHAPTER SIX          On-Line Dispatch Contingency   
                                            Selection & Ranking  
          6.1     Introduction       ……………………………………..63 
         6.2     AC Power Flow    …………………………….....65 
         6.3     Contingency Selection  …………………………......68 
                      6.3.1    Performance index for  
                                 voltage analysis:................................71            
                     6.3.2    Performance Index for Power Flow   
                                Analysis   …………………………….........72 
  CHAPTER SEVEN           The Yemen National Grid 
        7.1   Yemien National Network…………………………....73 
        7.2   Transmission lines ……………………………….....74 
        7.3   Transformers  ………………………………………....76 
 
CHAPTER EIGHT       Applient of contingency analysis to     
                                           the Yemen National Network    
       8.1  Contingency Selection of Yemen National Grid 
          System performance Indices…………………………..80    
       8.2   Application of  the (2P2Q), DC and Full Power Flow   
               methods to The Yemen National Network 
                    
                    8.2.1  Calculation for Voltage (2 iteration ) PI  
                              applied   to Y. N. N. (One circuit)...........81  
                    8.2.2  Calculation for The "DC" MW PI applied to 
                          Y.N.N.(One circuit)……………………...84  
                   8.2.3  Ranking according to both Voltage (2P2Q) & 
                         Power Flow ″DC″  indices…………………..85  
                   8.2.4  Calculations for Voltage PI using Full     
                             Power Flow(One circuit)………………...86  
                  8.2.5 Calculations for MW PI using Full   
                             Power Flow (One circuit)………………..88   
                  8.2.6  Ranking for Voltage and MW PI's  
                              using Full Power Flow…………………….89 
                   8.2.7  Fast Decoupled (2P2Q) and Full 
                              Power Flow(One circuit)………………….90  
                   8.2.8  DC and Full Power Flow 
                              ″MW ″(One circuit)…………………………..92  
                   8.2.9  Sum of both voltage and MW  
                             performance index…………………………93 
        8.3  Contingency ranking by 
               performance index…………………….....................95 
 
 CHAPTER  NINE      Conclusions and Recommendations    
                                      of  the (1P1Q1), DC and Full Power  
                                     Flow in Yemen National Grid 
9.1 Results and tests of  Fast Decoupled  
       (2P2Q),DC and Full Power Flow…………….96 
         9.2     Accuracy of  Results………………………………..97 
         9.3    Speed  of  Execution……………………………….98 
         9.4 Conclusions…………………………………………...99    
REFERENCES     …………………………………………101 
APPENDIX 1       Calculation of  B′, B″    ……………….103 
APPENDIX 2       Load Flow  Iteration Results  ………..107 
 
APPENDIX 3    Load Flow Results – Full     
            Newton-Raphson     ………………..118 














  ﺨﻼﺻﺔاﻟ  
 ﺗﺤﻠﻴѧѧﻞ ﻓﻘѧѧﺪان ﻃѧѧﺎرئ ﻟﺨѧѧﻂ ﻧﺎﻗѧѧﻞ أو ﻣﺤѧѧﻮل ﻣﻌѧѧﺎ اﺗﺨѧѧﺎذ  اﻟﺪراﺳѧѧﺔ ﺗﺘﻨѧѧﺎول ﻣѧѧﺴﺄﻟﺔ         هѧѧﺬﻩ
وﻳﺘﻄﻠѧﺐ ﺗﺤﻠﻴѧﻞ اﻵﻣѧﺎن ﻓѧﻲ اﻟѧﺸﺒﻜﺎت وأﺟѧﺮاء دراﺳѧﺎت . ﻟѧﻴﻤﻦ آﻤﺜѧﺎل اﻟﺸﺒﻜﺔ اﻟﻮﻃﻨﻴﺔ ﻓѧﻲ ا 
آﺎﻣﻠﺔ ﻟﺘﺪﻓﻖ اﻟﺤﻤﻮﻟﺔ اﻷﻣﺮ اﻟﺬي ﻳﺴﺘﻨﻔﺬ وﻗﺘﺄ ﻳﺼﻌﺐ ﻣﻬﻤѧﺔ اﺗﺨѧﺎذ أﺟѧﺮاءات ﻓﻮرﻳѧﺔ ﻟﺘѧﺎﻣﻴﻦ 
وﻣﻦ ﻧﺎﺣﻴﺔ أﺧﺮى ﻓﺄن اﻟﺪراﺳѧﺎت اﻟﻤﺒѧﺴﻄﺔ أﺳѧﺮع  ﻓѧﻲ اﻟﺘﺤﻠﻴѧﻞ وﻟﻜﻨﻬѧﺎ ﺗﻔﺘﻘѧﺮ إﻟѧﻰ . اﻟﺸﺒﻜﺔ
  .     ﻋﺎﻣﻞ اﻟﺪﻗﺔ
ﻟﺤﻞ هﺬﻩ اﻟﻤﻌѧﻀﻠﺔ ﺑﺤﻴѧﺚ أن اﻟﻄﺮﻳﻘѧﺔ  ﻣѧﻦ ذﻟѧﻚ هѧﻮ   اﻻﺣﺘﻤﺎﻻت       أﻳﺠﺎد وﺳﻴﻠﺔ اﺧﺘﻴﺎر 
أن ﻳﻨѧﺘﺞ  اﻟﺤﻤѧﻞ اﻟﺰاﺋѧﺪ و ﺗﺤﺪﻳѧﺪ اﻧﺘﻬѧﺎك اﻟﻔﻮﻟﺘﻴѧﺔ  ﺑﺎﻟﺘﻔﺎﺻѧﻴﻞ اﻟﻤﺪروﺳѧﺔ ﻋﻤﻠﻴѧﺄ واﻟﺤѧﺎﻻت 
و أﻟﻘﺎء اﻟﻀﻮء ﻋﻠﻲ هﺬﻩ اﻟﻘﻴﻮد ﺑﺘﺄدﻳﺔ اﻟﻨﻈѧﺎم ﻏﺎﻟﺒѧﺎ ﻟﻠﻜﻤﻴѧﺎت .   أﻷﺧﺮى ﺗﻜﻮن ﺑﺪون ﺗﺤﻠﻴﻞ 
ﺑﺘﺤﺪﻳѧѧﺪ ﻟﻠﺨѧѧﺮوج أو ( اﻟﺨﻄѧѧﻮرة)  اﻟѧѧﺼﺮاﻣﺔاﻟﻤﻘѧѧﺪرة ﻓѧѧﻲ دﻗѧѧﺔ ﻣﺆﺷѧѧﺮات اﻷداء ﺣﻴѧѧﺚ ﺗѧѧﺄﺗﻲ 
  ﺑﺎﻟﻘﻴﻤѧѧѧﺔ اﻟﻤﺤѧѧѧﺪدة ﻟﻠﻔﻮﻟﺘﻴѧѧѧﺔ أو اﻟﺨѧѧѧﻂ اﻟﻨѧѧѧﺎﺗﺞ ﻟﻠﺤﻤﻮﻟѧѧѧﺔ )timil-fo-tuo(ﺗﺨﻄѧѧѧﻲ اﻟﺤѧѧѧﺪود 
  . اﻟﻤﺨﺼﺼﺔ ﻟﻼﺣﺘﻤﺎل 
 CD()و ( 1Q1P)        هѧѧﺬا اﻟﻨﻈѧѧﺎم اﻟﻨﻤѧѧﻮذﺟﻲ واﻟѧѧﺬي ﻧѧѧﺮاﻩ ﻳѧѧﺴﺘﺨﺪم أﺧﺘﺒѧѧﺎر وﻃﺮﻳﻘѧѧﺔ 
( wolF rewoP lluF(ﻟﻤﺘﻜﺎﻣﻠѧﺔ ﻳﺘﻢ أﺧﺘﺒѧﺎر أﺳѧﻠﻮب ﻧﻈѧﺎم اﻟﻄﺎﻗѧﺔ ا . اﻟﻤﻮﺟﻮدة ﻓﻲ اﻟﺸﺒﻜﺔ
  . واﻟﺬي ﻳﻤﺜﻞ ﻓﺎﺋﺪة ﺑﺎﻟﻨﺴﺒﺔ ﻟﻠﺸﺒﻜﺔ اﻟﻮﻃﻨﻴﺔ اﻟﻴﻤﻨﻴﺔ




                                ABSTRACT 
 
          In this work, the contingency analysis problem with 
reference to the Yemen National Grid is investigated. On-line 
steady-state security analysis requires the evaluation of the effect 
of a large number of possible contingencies on a power system, 
and the time involved reduces the usefulness of the analysis. A 
complete analysis using full load flow methods consume, too much 
time, while on the other hand approximate methods are faster but 
offer compromised accuracy .     
       The solution to this dilemma is to find a way to select 
contingencies in such a way that only those that are likely to result 
in an overload or voltage limit violation will actually be studied in 
detail and the other cases will go unanalyzed.  In light of these 
constraints, the system performance may be quantitatively 
evaluated in terms of indices reflecting the severity of out-of-limit 
voltage values or line overloads resulting from a particular 
contingency.  
         A sample system was used here to  test the 1P1Q and the DC 
method. This method was then tested on a full power system 
representing a utility of The Yemen National Network. 
 
        
                          CHAPTER ONE 
               
       On-Line Dispatch Contingency Analysis     
 
 
1.1  Introduction  
 
             Power-flow studies are of great importance in planning 
and designing the future expansion of power systems as well as in 
determining the best operation of existing systems. The principal 
information obtained from a power-flow study is the magnitude 
and phase angle of the voltage at each bus and the real and reactive 
power flowing in each line. The load flow study also provides 
information about the line and transformer loads as well as losses 
throughout the system and voltage at different points in the system 
for evaluation and regulation of the performance of power system 
under conditions known a priori.  Further alternative plans for 
future expansion to meet new load demands can be analyzed and a 
complete information is made available through this study.                                   
           Many of the problems that occur on a power system can 
cause serious  trouble within such a small time period that the 
operator would not be able to take action fast enough. That is often 
the case with cascading failures. Because of this aspect of systems 
operation, modern operations computers are equipped with 
contingency analysis programs that model possible systems 
troubles before they  arise. These programs are based on a model 
of the power systems and are used to study possible outage events 
and alarm operators to any potential overloads or out-of-limit 
voltages. Several variations of this type of contingency analysis 
scheme  involve fast solutions methods, automatic contingency 
event selection, and automatic initializing of the contingency 
power flows using actual system data and state estimation 
procedures. The on-line steady-state analysis of a power system 
requires the evaluation of the effects of all possible contingencies 
on the system. Since only a few of the contingencies constitute 
security risks at any given time, an automatic contingency 
selection method that ranks the contingencies and selects the mosts 
severe ones is sought. This analysis consists of simulating outages 
of one or more generating units and transmission facilities to 
investigate their effects on bus voltages and line power flows. 
Furthermore, what constitutes the set of problem cases is easily 
determined by simply running the load flow for each cases starting 
at the top of the list and stopping when the cases do not give a 
problem. The cases below the stopping point need not be checked 
since they are already ranked in severity below the cases at the 
stopping point. Fast computational techniques such as Stott′s Fast 
Decoupled Load Flow, the linearized ac load flow, may be used. 
             A performance index is defined to include bus voltage 
limit violations and bus reactive power deviations from                      
specified limits. To save time, only the first iteration of the Fast 
Decoupled power flow method is used to estimate the system 
variables, and for every outage the system performance index is 
calculated. Outages are ranked according to the magnitudes of their 
corresponding performance indices and then the outages in the 
severity list are analyzed further by an AC load flow until a 
stopping criterion is satisfied. 
 Another way to gain speed of solution in a contingency 
analysis procedure is to use an approximate model of the power 
system. For many systems, the use of DC load flow models 
provides adequate capability. In such systems, the voltage 
magnitudes may not be of great concern and the DC load flow 
provides sufficient accuracy with respect to the megawatt flows. 
For other systems, voltage is of concern and full AC load flow 
analysis is required. The DC power flow is only good for 
calculating MW flows on transmission lines and transformers.  
It gives no indication of what happens to voltage magnitudes, or 
MVAR and  MVA flows. The method utilizes an approximate 
linear relation between power flows and bus angles and this 






1.2   Study objective    
          The methods used in contingency analysis and ranking  were 
used here to  test both samples systems & the Yemen National 
Grid. Since only a few of the contingencies constitute security risks 
at any given time, an automatic contingency selection method that 
ranks the contingencies and selects the mosts severe ones is 
sought. One way to speed the analysis of an outage case selection 
is to perform what has been called the 1P1Q. The security analysis 
can then start by executing a 1P1Q power flow with the case which 
is at top of the list, then solve the case which is second, and so on 
down the list.                           The DC method has been reported to 
work reliably for ranking outages based on the expected severity of 
overloads. Outages are ranked according to the magnitudes of their 
corresponding performance indices and then the outages in the 
severity list are analyzed further by a full AC load flow until a 
stopping criterion is satisfied. It is required to test these two 
methods on sample systems, and on a power system representing a 
utility in the Yemen National Network , with the object that it will 
be both fast and accurate enough for on-line use. The methods are 
the "DC" and Fast Decoupled Power Flow (1P1Q). The accuracy 
of the methods would be verified by comparison with a full power 
flow. It is also required to examine the typical performance 
indices used for evaluating the severity of an outage resulting in 
limit violations. Whether or not the performance  index is suitable , 
whether a weighing factor or a different index is needed, is to be 
studied in hope of achieving   reasonable accuracy with the cases 
sampled.       .                          
 
 
1.3    Methods  Used 
        
       The contingency analysis and ranking algorithms as well as 
the full load flow need to be coded and programmed in a manner 
which facilitates user interaction and interpretation of results. For 
these purposes it is intended to develop the programs in a popular 
language (Visual Basic) and use a visual editor for entering or 
modifying systems and load data, and for displaying the results 
directly on the single line diagram.                              
                           










                     CHAPTER TWO 
 
          Fundamental Security Concepts  
 
2.1  Detection of potential network problems 
       
           We will briefly illustrate the kind of problems we have been 
describing by use of a five-bus network. The base-case power flow 
results are shown in Figure 2.1and indicate a flow of 47.1 MW and 
29.4 MVAR on the line from bus 1 to bus 2. For the purpose of 
this discussion, assume that we are only interested in the MW 
loading on the line. Now let us ask what will happen if 
transmission line from bus 1 to bus 2 were to open. The resulting 
flows and voltages are show in Figure 2.2. Note that the flow on 
the line from bus 4 to bus 5 has increased to 114.9 MW to indicate 
overload, (max MVA =100) and that most of the other 
transmission lines also experienced changes in flow . Figure 2.3 
shows the case when loss of generation on bus 3 is made up by an 
increase in generation at bus 1.   Figure 2.4 is examples of 
generator outages and serve to illustrate the fact that generator 





           In the example shown in Figure 2.4, all the generation lost 
from bus 5 is picked up on the generator at bus 1 and 3. Clearly, 
the differences in flows and voltages show how the lost generation 
is picked up by the remaining units. 
           In the examples presented above, full load flow analysis 
was used to predict the effects of a particular contingency on the 





                               Figure  2.1 
 
Now, given enough time, the operator would be able to perform 
load flows of all possible system outages and evaluate the system 
severity at leisure. Unfortunately, time is a luxury that the 
dispatchers to not have. The system is always undergoing dynamic 
changes , and thus the online study must be performed quickly. 
     The usual approach is to use fast , approximate methods to 
select the most severe contingencies and then a ranking criterion is 
employed to prepare a short list of the worst cases. Only then are 






                                       
 
                             Figure 2.2 
                           
 
              
 
 





                                     Figure 2.4 
 
 
2.2     Contingency selection & ranking 
 
           Operation personnel must know which line or generation 
outage will cause flows or voltage to fall out of limits. To predict 
the effect of outages, fast contingency analysis techniques are 
used. For each outage tested, the contingency analysis procedure 
checks all lines and voltages in the network against their respective 
limits.  
            If only the MW flow in a network is of concern , the DC 
load flow method provides a quick , reasonably accurate method of 
estimating changes in network MW flows following a contingency 
. A performance index , (PI) is then used to determine the worst 
contingencies based on the extent of overloading of network 
components. 
            If voltage behavior is also required then simplified versions 
of the fast-decoupled load flow must be used (one or two 
iterations). A performance index similar to the MW PI is used for 
the ranking algorithm-based on the severity of voltage drops 
results from the contingency . 
           A short list emerging from the ranking lists of the MWs , 
voltages or a combination of both is used to submit the candidate 
contingencies most likely  to jeapordize the system security .                 
 
                       CHAPTER THREE 
 
               Fast Decoupled Power Flow 
 
3.1   Simplifications of the Newton-Raphson Method 
              
       When solving large-scale power transmission systems, an 
alternative strategy for improving computational efficiency and 
reducing computer storage requirements is the decoupled power-
flow method, which makes use of an approximate version of the 
Newton-Raphson procedure. The principle underlying the 
decoupled approach is based two observations: 
                                             .       
• Change in the voltage angle δ at a bus primarily affect 
the flow of real power Ρ  in the transmission lines and 
leaves the flow of reactive power Q relatively 
unchanged. 
 
• Change in the voltage magnitude ⎢V⎥ at a bus primarily 
affects the flow of reactive power Q in the transmission 
lines and leaves the flow of real power P relatively 
unchanged. 
 
        
          
         It is generally observed that the P flow is most sensitive to 
changes in angle (∆δ), while the Q flow depends primarily on 
changes in voltage magnitude. It is reasonable, then, to decouple 
the equations ( i.e., P is decoupled from ∆δ and Q is decoupled 
from ∆V) 
                  Then, 
                             P = -[∂P/∂δ]∆δ                    (3.1.1) 
 
And, 
                        Q = - [∂Q/∂V]∆V (3.1.2) 
 
Solving for ∆δ and ∆V: 
                     ∆δ = - [∂P/∂δ]-1P                                           (3.1.3) 
  
          ∆V = - [∂Q/∂V]-1Q                                         (3.1.4) 
 
 
         The first observation  states essentially that ∂Pi/∂δj is much 
larger than ∂Qi/∂δj, which we now consider to be approximately 
zero. The second observation states that ∂Qi/∂⎜Vj⎟ is much large 
than ∂Pi/∂⎜Vj⎟, which is also considered to be approximately zero.    
   
           Incorporation of these approximations into the jacobian 
makes the elements of the sub matrices J12 and J21 zero. We are 
then left with two separate systems of equations, ( for a complete 
review of load flow equations, as well as definition of  J12 , J21  
..etc see ref.(3) 
  
                ∂P2/∂δ2     ….    ∂P2/∂δ5      ∆δ2       ∆P2 
                     .                        .              .            . 
                     .      J11             .              .     =     .           (3.1.5) 
                     .                        .              .            . 






⎜V2⎟∂Q2/∂V2  ….  ⎜V5⎟∂Q2/∂V5       ∆V2/⎜V2⎟         ∆Q2 
          .                            .                   .                    . 
          .          J22             .                    .            =     .           (3.1.6) 
          .                            .                    .                   . 
 ⎜V2⎟∂Q5/∂V2  …. ⎜V5⎟∂Q5/∂V5      ∆V5/⎜V5⎟          ∆Q5 
 
 
            These equations are decoupled in the sense that the voltage-
angle corrections ∆δ are calculated using only real power 
mismatches ∆P, while the voltage-magnitude corrections are 
calculated using only ∆Q mismatches. However, the coefficient 
matrices J11 and J22 are still interdependent because the elements of 
J11 depend on the voltage magnitudes being solved in Eq. (3.1.6), 
whereas the elements of J22 depend on the angles of Eq. (3.1.5). Of 
course, the two sets of equations could be solved alternately, using 
in one set the most recent solutions from the other set. But this 
scheme would still require evaluation and factoring of the two 
coefficient matrices at each iteration. To avoid such computations, 
further simplifications are introduced, which are justified by the 
physics of transmission-line power flow, as is now explained. 
           
        In a well-designed and properly operated power transmission 
system: 
 
• The angular differences (δi - δj) between typical buses of the 
system are usually so small that  
 
        cos(δI - δj) ≈ 1 ;     sin(δI - δj) ≈ (δI -δj)                 (3.1.7)  
 
• The line susceptances Βij are many times larger than the line 
conductances Gij so that  
 
                           Gij sin(δI - δj) << Bijcos(δI - δj)                 (3.1.8) 
 
• The reactive power Qi injected into any bus i of the system 
during normal operation is much less than the reactive power 
which would flow if all lines from that bus were short-
circuited to the reference.  That is, 
 
                                 Q << ⎢Vi⎥2 Bii                                         (3.1.9) 
 
         These approximations can be used to simplify the elements of 
the jacobian. If the off-diagonal elements of J11 and J22 are given 
by : 
 
∂Pi/∂δj = -⎜ViVjYij⎟sin(θij + δj - δi)                                    (3.1.10) 
 
∂Qi/∂Vj = ⎜Vj⎟∂Qi/∂⎢Vj⎥ = -⎜ViVjYij⎟sin(θij + δj - δi)    (3.1.11) 
      
Using the identity sin(α + β) = sin α cos β + cos α sin β in Eq. 
(3.1.11) gives us 
  
∂Pi/δj  = - ⎢ViVj ⎥{Bij cos(δj - δi) + Gij sin(δj - δi)}           (3.1.12) 
 
∂Qi/∂Vj =  ⎢Vj⎥∂Qi/∂⎢Vj ⎥  
              = - ⎢ViVj ⎥{Bij cos(δj - δi) + Gij sin(δj - δi)}        (3.1.13) 
 
where Bij = ⎢Yij⎥sin θij and Gij = ⎢Yij⎥cos θij.  
The approximations listed above then yield the off-diagonal 
elements  
∂Pi/∂δj ≅ -⎢ViVj⎥Bij                                                                (3.1.14)   
 
∂Qi/∂Vj = ⎢Vj⎥∂Qi/∂⎢Vj ⎥ ≅ - ⎢ViVj⎥Bij                            (3.1.15) 
 
       The diagonal elements of J11 and J22 have the expressions . 
Applying the inequality Qi << ⎢Vi⎥2Bij to those expressions yield  
 
∂Pi/δi ≅ - ⎢Vi⎥2Bii                                                               (3.1.16)   
 
∂Qi/∂Vi = ⎢Vi⎥∂Qi/∂⎢Vi ⎥ ≅ - ⎢Vi⎥2Bii                             (3.1.17) 
      By substituting the approximations of Eq. (3.1.14) and (3.1.16) 
in the coefficient matrices J11 and J22, we obtain (for a 5 bus 
system with bus 1 as a slack bus)  
 
-⎢V2V2⎥B22  -⎢V2V3⎥B23  -⎢V2V4⎥B24  -⎢V2V5⎥B25   ∆δ2      ∆P2  
 
-⎢V2V3⎥B32  -⎢V3V3⎥B33  -⎢V3V4⎥B34  -⎢V3V5⎥B35   ∆δ3       ∆P3  
                                                                                      =                
-⎢V2V4⎥B42  -⎢V3V4⎥B43  -⎢V4V4⎥B44  -⎢V4V5⎥B45  ∆δ4       ∆P4 
 
 
-⎢V2V5⎥B52  -⎢V3V5⎥B53  -⎢V5V4⎥B54  -⎢V5V5⎥B55  ∆δ5       ∆P5                                                         
      
                                                                                                        





                                                                                                                                          
-⎢V2V2⎥B22  -⎢V2V3⎥B23  -⎢V2V4⎥B24  -⎢V2V5⎥B25    ∆⎜V2⎟/⎜V2⎟       ∆Q2                    
 
-⎢V2V3⎥B32  -⎢V3V3⎥B33  -⎢V3V4⎥B34  -⎢V3V5⎥B35    ∆⎜V3⎟/⎜V3⎟       ∆Q3                        
                                                                                                   =                 
-⎢V2V4⎥B42  -⎢V3V4⎥B43  -⎢V4V4⎥B44  -⎢V4V5⎥B45   ∆⎜V4⎟/⎜V4⎟       ∆Q4                            
 
 
-⎢V2V5⎥B52  -⎢V3V5⎥B53  -⎢V5V4⎥B54  -⎢V5V5⎥B55   ∆⎜V5⎟/⎜V5⎟       ∆Q5                                       
      
 
                                                                                     (3.1.19) 
        To show how the voltages are removed from the entries in the 
coefficient matrix of Eq.(3.1.19), the first row is multiplied by the 
correction vector and then the resultant equation is divided by ⎢V2⎥ 
to obtain. 
 
- B22 ∆⎢V2⎥ - B23 ∆⎢V3⎥ -B24 ∆⎢V4⎥ -B25 ∆⎢V5⎥ = ∆Q2/⎢V2⎥                      
                                                                                        (3.1.20) 
       The coefficients in this equation are constants equal to the 
negative of the susceptances in the row of Ybus corresponding to 
bus 2 . Each row of Eq.(3.1.19) can be similarly treated by 
representing the reactive mismatch at bus i by the quantity 
∆Qi/⎢Vi⎥. All the entries in the coefficient matrix of Eq. (3.1.19) 
become constants given by the known susceptances of Ybus.  
      One can also modify Eq.(3.1.18) by multiplying the first row 
by the vector of angle corrections and rearranging the result to 
obtain  
 
-⎢V2⎥B22∆δ2 -⎢V3⎥B23 ∆δ3 -⎢V4⎥B24∆δ4 -⎢V5⎥B25∆δ5 = ∆P2/⎢V2⎥             
                                                                                         (3.1.21)  
        The coefficients in this equation can be made the same as 
those in Eq. (3.1.20) by setting ⎢V2⎥, ⎢V3⎥, and ⎢V4⎥ equal to 1.0 
per unit in the left-hand-side expression.       
  
        Note  that the quantity ∆P2 / ⎢V2⎥ represents the real-power 
mismatch in Eq. (3.1.21) . Treating all the rows of Eq. (3.2.18) in a 
similar manner leads to two decoupled systems of equations for the 
five-bus network.   
 
 
-B 22     -B 23     -B24      - B25      ∆δ2         ∆P2 / ⎢V2⎥ 
 
-B 32     -B 33    -B 34      -B 35      ∆δ3         ∆P3 / ⎢V3⎥ 
                                                             =  (3.1.22) 
-B 42     -B 43    -B 44     -B 45       ∆δ4         ∆P4 / ⎢V4⎥ 
 










-B 22     -B 23     -B 24      -B 25        ∆⎢V2⎥         ∆Q2/⎢V2⎥ 
 
-B 32     -B 33    -B 34      -B 35        ∆⎢V3⎥         ∆Q3/⎢V3⎥ 
                                                                  = (3.1.24) 
-B 42     -B 43    -B 44     -B 45         ∆⎢V4⎥         ∆Q4/⎢V4⎥ 
 




                 ⎜B″⎟ ⎜∆⎢V⎥⎥ = ⎢∆Q/⎢V⎥⎥ (3.1.25) 
        
               Matrix B is generally symmetrical and sparse with 
nonzero elements, which are constant real numbers exactly equal 
to the negative of the susceptances of Ybus. Consequently matrix B 
is easily formed and its triangular factors, once computed at the 
beginning of the solution, do not have to be recomputed, which 
leads to very fast iterations. At voltage-controlled buses Q is not 
specified and ∆⎢V⎥ is zero; the row and columns corresponding to 
such buses are omitted from Eq. (3.1.24).  
       
        The Jacobian is often recalculated only every few iterations 
and this speeds up the overall solution process. The final solution 
is determined, of course, by the allowable power mismatches and 
voltage tolerance at the buses. 
 
One typical solution strategy is to:  
   1. Calculate the initial mismatches ∆P /⎢V⎥ , 
   2. Solve Eq. (3.1.22) for ∆δ. 
   3. Update the angle δ and use them to calculate mismatches   
      ∆Q/⎢V⎥. 
   4. Solve Eq. (3.1.24) for ∆⎢V⎥ and update the mismatches ⎢V⎥. 
   5. Return to Eq.t (3.1.22) to repeat the iteration until all       
mismatches are within specified tolerance.  
        Using this decoupled version of the Newton-Raphson 
procedure , faster power flow solutions may be found within a 






       
  3.2   Calculation of  B′, B″  
 
        To invert the matrices B′ and B″ it is necessary to develop a 
matrix inversion algorithm . The algorithm developed here is 





3.3  Applications of the fast decoupled method for on-    
      line analysis   
        
              The fast decoupled method is reasonably fast, as 
mentioned, compared to the solution of a full fledged load 
flow. However for rapid on-line contingency screening , still 
faster algorithms are needed. One approach is to consider only 
one iteration of the fast decoupled (1P1Q) or two iterations 
(2P2Q) …etc. In what follows an assessment of such 




         
3.4    Application of the 1P1Q method to a sample   
         system 
 
          The sample system shown in Figure 2.1 is used here to test 
the 1P1Q method. The data is shown in Table (3.4.1, 3.4.2 and 
3.4.3). The single iteration (1P1Q) of the fast decoupled power   






-B 22     -B 23     -B24      - B25      ∆δ2        ∆P2 / ⎢V2⎥ 
 
-B 32     -B 33    -B 34      -B 35      ∆δ3        ∆P3 / ⎢V3⎥ 
                                                            =   (3. 4.1) 
-B 42     -B 43    -B 44     -B 45       ∆δ4        ∆P4 / ⎢V4⎥ 
 








-B 22     -B 23     -B 24     -B 25      ∆⎢V2⎥         ∆Q2/⎢V2⎥ 
 
-B 32     -B 33    -B 34      -B 35      ∆⎢V3⎥         ∆Q3/⎢V3⎥ 
                                                                =   (3.4.2) 
-B 42     -B 43    -B 44     -B 45       ∆⎢V4⎥         ∆Q4/⎢V4⎥ 
 








     
Table 3.4.1: Line Data for 5 bus system (on a 100 MVA base) 
             
    Line 
  From to 
 
     R(p.u) 
 
    X(p.u) 
 
    B/2(p.u) 
     
     1 – 2 
     2 – 5 
     3 – 5 
     5 – 4 




     0.065 
     0.047 
     0.059 
     0.053 
     0.094 
 
    0.150 
    0.170 
    0.290 
    0.230 
    0.140 
 
     0.02 
     0.02 
     0.03 
     0.04 
     0.01 
 
 
Table  3.4. 2 : Transformer data for 5 bus system  
              
      
             Transformer 
    Primary     Secondary       X(p.u) 





      The B matrix is formed as the susceptance part of the nodal 
admittance matrix.  
 




                         38.1168  -25.3842    0.04310   -6.0124 
                        
                        -25.3842   28.8433    0.02510   -3.5072 
 ⎜B′⎟  =                                                                                                           (3.4.3) 
                         0.04310   0.02510    11.4928   -4.3973 
                        
                        -6.0124   -3.50720     -4.3973   13.8616    





                           0.1144    0.112     0.0332     0.0878 
                    
                -1        0.1112    0.1445   0.0362     0.0957 (3.4.4) 
    X =⎜B⎟    =             
                           0.0332    0.0362   0.1090     0.0581 
                    








             The B matrix can be read directly and the mismatches 
corresponding to the initial voltage estimates are already calculated 
the same as in Eq.(3.4.1). Solving this equation gives the angle 
corrections in radians 
 
∆δ2 = -0.0460;  ∆δ3 =-0.0540;  ∆δ4 =-0.0480 ;  ∆δ5 = 0.007 
                  
           Adding these results to the flat-start estimated of it gives the 
updated values of δ2, δ3, δ4, and δ5, which we then use along with 
the elements of Υbus to calculate the reactive mismatches. A 
reactive mismatch calculation is not required for bus 5 ,which is 
voltage controlled. Accordingly , in this example Eq.(3.4.2) yields 
the solutions ∆⎢V2⎥ = 0.0450, ∆⎢V3⎥ = 0.0540 and ∆⎢V4⎥ =0.0660. 
The new voltage magnitudes at buses 2 , 3 , 4 and 5 are ⎢V2⎥ 
=0.955, ⎢V3⎥ = 0.946, ⎢V4⎥ = 0.934, and ⎢V5⎥ = 1.000 which 
completes the first iteration. Update mismatches for the second 
iteration of Eq. (3.4.2) are calculated using the new voltage values. 
Repeating the procedure over a number of iterations yields the 
same solution. 
        Often in industry-based programs certain modifications are 
made in Eqs. (3.4.1) and (3.4.2) . The modifications to B in Eq. 
(3.4.2) are generally as follows: 
⋅ Omit the angle-shifting effects of phase shifters from B by setting 
t(tap-ratio) = 1.0∠0o. When row and columns for voltage-controlled  
buses are also omitted as previously indicated, the resulting matrix 
is called B″. 
         ⋅Omit from B those elements that mainly affect megavar 
flows such as shunt capacitors and reactors, and set tap t of off-
nominal transformers equal to 1. Also, ignore series resistances in 
the equivalent-π circuits of the transmission lines in forming Ybus 
from which B in Eq.(3.4.1) is obtained. The resulting matrix is 















                                    First iteration (1P1Q) 
 
                            Figure 3.4.1  Active Power Flow 
 
 
                    Figure 3.4.2   Reactive Power Flow      
 
                               
                          First iteration (1P1Q) 
              
        Load Flow Results (Figure 3.4.1 and Figure 3.4.2) 
                                        ---------------------- 
 
Busbar   Name         Voltage       Generation     Load 
                                   MW    MVAr      MW    MVAr 
 
 1                   1.000<  0.0   0.0   -3.0       0.0    0.0 
 2                   0.955< -4.6  60.0   28.0      60.0   32.0 
 3                   0.946< -5.4  70.0   40.0      70.0   43.0 
 4                   0.934< -4.8  80.0   59.0      80.0   64.0 
 5                   1.000<  0.7   0.0   -9.0       0.0    0.0 
 
 
          Line Flows 
         ----------- 
Between bus        Sending End                   Reciving End 
                     MW     MVAr                  MW     MVAr 
  1 - 2             54.6     6.7               -52.7    -5.9 
  2 - 5            -54.0   -10.0                55.6    11.8 
  3 - 5            -36.3   -11.2                37.3    10.0 
  5 - 4             43.4    16.3               -42.2   -18.6 




2-Winding Transformer Flows 
         ----------- 
Between Bus        Primary                       Secondary 
                    MW      MVAr                  MW      MVAr 
  2 - 3             31.7    21.4               -31.7   -20.7 
 
 
         Total System Generation = 125.00 MWs ,    -12.00 MVArs 
 
         Total System Load = 210.00 MWs ,    139.00 MVArs 
 
         Transimission Losses =   0.00 MWs 




















3.5.   Comparison of 1P1Q method against a full fledged 
method 
   
        The accuracy of the results of the 1P1Q method compared 
with a fully solved fast decoupled are presented below.  
  
               3.5.1     First Iteration (1P1Q)   
  
 
     Percentage error of voltage :  
 
 
                   V1-V2 ⁄V2×100 
 
1.   1.000 – 1.000/1.000 = 0                                                     
  
   2.   0.955 – 0.925/0.925 = 0.030/0.925 = 0.0324×100 = 3.24% 
 
   3.   0.946 – 0.915/0.915 = 0.310/0.915 = 0.0338×100 = 3.38% 
 
   4.   0.934 – 0.904/0.904 = 0.031/0.904 = 0.0343×100 = 3.43% 
 
5.   1.000 – 1.000/1.000 = 0                                                         
 
Percentage error of angle:  
 
                   θ1 -θ2 /θ2×100 
 
            1. Slack----------------- = 0 
     
            2. -4.6-(-3.0)/(-3.0) = -1.6/-3.0 = 0.533×100 = 53.3%  
 
3. -5.4-(-3.9)/(-3.9) = -1.5/-3.9 = 0.384×100 = 38.4%              
 
            4. -4.8-(-2.2)/(-2.2) = -2.5/-2.2 = 1.086×100 = 108.6% 
 







            3.5.2   Second Iteration (2P2Q )   
 
percentage error of voltage :  
 
                                                         V1-V2/V2×100  
 
              1.   1.000 – 1.000/1.000 = 0 
  
              2.    0.919 - 0.925/0.925 = -0.006/0.925 = -0.0064×100 = -0.64%  
 
              3.   0.910 - 0.915/0.915 = -0.005/0.915 = -0.0054×100 = -0.54% 
  
              4.   0.885 – 0.904/0.904 = -0.008/0.904 = -0.0199×100 = -1.99% 
 
              5.   1.000 - 1.000/1.000 =  0   
 
 
Percentage error of angle:  
 
                               θ1 -θ2 /θ2×100 
 
                 1.    Slack----------------- = 0 
 
                 2.   -3.6-(-3.0)/-3.0 = -0.6/-3.0 = 0.20×100 =  20.0% 
 
                 3.   -4.5-(-3.9)/-3.9 = -0.6/-3.9 = 0.153×100 = 15.3% 
 
                 4.   -3.1-(-2.2)/-2.2 = -0.8/-2.2 = 0.347×100 = 34.7% 
 








                                                                         
 
 
                3.5.3    Third Iteration (3P3Q) 
 
percentage error of voltage : 
     
               V1-V2/V2×100                                                    
 
                2.   0.921-0.925/0.925 = -0.004/0.925 = -0.0043×100 = -0.43% 
 
                3.   0.912-0.915/0.915 = -0.003/0.915 = -0.0032×100 = -0.32% 
 
                4.   0.895-0.904/0.904 = -0.008/0.904 = -0.0085×100 = -0.85% 
  
                5.  1.000-1.000/1.000 = 0 
    
 
 
Percentage error of angle:  
 
                                  θ1 - θ2 /θ2×100 
 
                     1.    Slack----------------- = 0 
  
                     2.   -2.7 –(-3.0)/(-3.0) = 0.3/-3.0 = -0.1×100 = -10%  
  
                     3.   -3.7 –(-3.9)/(-3.9) = 0.2/-3.9 = -0.0512×100 = -5.12% 
  
                     4.   -1.8 –(-2.2)/-2.2 = 0.5/-2.2 = -0.217×100 = -21.7%  
  
                     5.    2.0 –(1.8)/1.8 = 0.2/1.8 = 0.111×100 = 11.1% 









                   
                  3.5.4 Fourth Iteration (4P4Q) 
  
 
percentage error of voltage : 
  
                                                   
            V1-V2/V2×100                                                        
 
 
          2.    0.925-0.925/0.925 = 0 
  
          3.    0.915 – 0.915/0.915 = 0    
  
          4.    0.907 – 0.904/0.904 = 0.004/0.904 = 0.0044×100 = 0.44% 
  
          5.    1.000 – 1.000/1.000 = 0 
 
 
Percentage error of angle:  
 
                           θ1 -θ2 /θ2×100 
 
                 1.   Slack----------------- = 0 
  
                2.    -2.9 –( -3.0)/-3.0 = 0.1/-3.0 = -0.0333×100 = -3.33% 
   
                3.    -3.8 –(-3.9)/-3.9 = 0.1/-3.9 = -0.0256×100 = -2.56% 
  
                4.    -2.0 –(-2.2)/-2.2 = 0.3/-2.2 = -0.130×100 = -13.0% 
  











                    3.5.5   Fifth Iteration (5P5Q) 
  
 
percentage error of voltage : 
  
                                            
                                  V1-V2/V2×100                                                
  
                        2.  0.925 – 0.925 /0.925 = 0  
   
                        3.  0.915 – 0.915 /0.915 = 0 
   
                        4.  0.904 – 0.904 /0.904 = 0  
  





Percentage error of angle:  
 
                                 θ1 -θ2 /θ2×100 
 
                    1.    Slack-------------- = 0 
  
                    2.   -3.0 –(-3.0) / -3.0 = 0 
   
                   3.   -3.9 –(-3.9) / -3.9 = 0 
   
                   4.   -2.2 –(-2.2) / -2.2 = 0 
   







                       CHAPTER FOUR 
 
                 The "DC" Power Flow  
                                               
    4.1     Introduction 
 
          The main advantage of the DC Power Flow is that it is a ' 
one pass ' algorithm, i.e it does not require an iterative process . 
This is made possible by the linearization of the power flow on a 
line , exploiting the fact that angle differences between busbars are 
small, and voltages are close to nominal.  
          Thus, the active power flow over line  i – j ;  
                    
                   Pij = ⎜ViVjYij⎟sin(θij + δj - δi) 
                       = ⎢ViVj ⎥{Bij cos(δj - δi) + Gij sin(δj - δi)} 
                       = Bij(δj - δi) = (δj - δi)/xij (4.1.1) 
                becomes  
                   Pij  ≅ (θj - θi) / xij                                               (4.1.2) 
obviously, it follows from the linearity that ; 
                    
                    ∆P = (∆θj - ∆θi) /xij                                           (4.1.3) 
          
        The angle mismatches may  be estimated from the simplified 
Jacobian matrix given by equation 3.1.22 with the only exception 
that the voltages magnitudes ⎜V⎟ are set equal to 1.0 p.u. This 




                                                                              
                 ∆P1                 ∆θ1 
                 ∆P2   =  ⎢B'⎥   ∆θ2                                            (4.1.4) 
                    .                        .       




where the terms in B' are as described previously. The DC power 
flow is only good for calculating MW flows on transmission lines 
and transformers. It gives no indication of what happens to voltage 
magnitudes, or MVAR or MWA flows.  
The power flowing on each line using the DC power flow is then : 
                    
 
                   Pij = (θi - θj)/xij                                               (4.1.5) 
 
         






4.2   Application of the DC load flow to a sample system 
 
 
            The same sample system shown in figure 2.1 is investigated 
by the DC load flow method. The same B′ matrix shown in Eq. 






                         38.1168  -25.3842    0.04310   -6.0124 
                        
                        -25.3842   28.8433    0.02510   -3.5072 
 ⎜B′⎟  =                                                                                       (4.2.1) 
                         0.04310   0.02510    11.4928   -4.3973 
                        






           ∆P2                       ∆θ2   
            
           ∆P3                     ∆θ3 
                       =  ⎜B′⎟                                                                       
           ∆P4                     ∆θ4                                                 (4.2.2) 
                          




       ∆θ2                        ∆P2                        
            
       ∆θ3                 -1     ∆P3                      
                   =  ⎜B′⎟                                                                       
       ∆θ4                        ∆P4                                                (4.2.3) 
                                                                                                                                   










 θ2            0.114  0.111  0.033  0.088       - 0.60  
                  
 θ3            0.111  0.144  0.036  0.096       - 0.70     
      =   
            (4.2.4)  θ4            0.033  0.036  0.109  0.058        -0.80 
                         










   The angle are then computed  in radians and converted 





θ2         -3.628 
 
θ3         -4.420 
         = 
 (4.2.5) θ4         -3.433  
 





The fast decoupled power flow complete solution in degree, the 




    θ2         -3.0 
  
    θ3         -3.9 
 (4.2.6)            = 
    θ4         -2.2 
  













Percentage error of angle between the fast decoupled and DC:  
 
 
                                    θ1  -  θ2  /θ2 
 
1.      Slack -----------------  = 0 
   
2.    -3.628 –( -3.0 ) /(-3.0) = -0.628/-3.0  
                                            = 0.209×100= 20.9 %   
 
3.    -4.420 –( -3.9 ) /(-3.9) = -0.520/-3.9 
                                            = 0.133×100= 13.3 % 
  
4.   -3.433 –( -2.2 ) /(-2.2) = -1.132/-2.2 
                                          = 0.420×100 = 42.0 % 
   
5.    1.470 –( 1.8 ) /(1.8) =-0.33/ 1.8  
                                       = -0.183×100 = -18.3 %    
   
 
 
                         CHAPTER FIVE  
 
  D Factor Methods "Linear Sensitivity Factors"  
 
5.1     Linear Sensitivity Factors        
         The studies of thousands of possible outages becomes very 
difficult to solve if it is required to present the results quickly. One 
of the easiest ways to provide a quick calculation of possible 
overloads is to use linear sensitivity factors. These factors show the 
approximate change in line flows for changes in generation on the 
network configuration and are derived from the DC load flow. 
These factors can be derived in a variety of ways and basically 
come down to two types: 
 
1. Generation shift factors. 
2. Line outage distribution factors. 
      The generation shift factors are designated aιi and have the 
following definition: 
 





                 ι =    line index 
                 
                 i =    bus index 
             
            ∆ƒι  =   change in megawatt power flow on line ι when a   
                        change in generation, ∆P, occurs at bus i 
              ∆Pi = change in generation at bus i                                
     The new power flow on each line in the network could be 
calculated using a precalculated  set of "a" factors as follows: 
                             ƒ′ι = ƒ0ι + aιi∆Pi                                     (5.1.2)  
where 
                     ƒ′ι = flow on line ι after the generator on bus i fails 
                     ƒ0ι = flow before the failure   
The "outage flow." ƒ'ι, on each line can be compared to its limit 
and those exceeding their limit are flagged for alarming. This 
would tell the operations personnel that the loss of the generator on 
bus i would result in an overload on line ι . 
         The line outage distribution factors are used in a similar 
manner, only they apply to the resting for overloads when 
transmission circuits are lost. By definition, the line outage 
distribution factor has the following meaning: 
                                  
                    dι,k = ∆ƒι / ƒ0ι  (5.1.3) 
where 
                    dι,k = line outage distribution factor when    
                              monitoring line ι after an outage on line k 
                   ∆ƒι = change in MW flow line ι 
                   ƒ0k = original flow on line k before it was outaged  
                            (opened) 
       If one knows the power on line ι and k , flow on line ι with line 
k out can determined using "d" factors. 
                    ƒ'ι = ƒ0ι + dι.kƒ0k                                           (5.1.4) 
where 
                ƒ0ι, ƒ0k = preoutage flow on line ι and k, respectively  
                     ƒ'ι = flow on line ι with line k out 
         One very useful extension is to use the a and d factors to 
model  the power system in its post-outage stage; that is, to 
generate factors that model the system′s sensitivity after a branch 
has been lost.  
       Suppose one desires to have the sensitivity factors between 
line ι and generator bus i when line k was opened. This is 
calculated by first assuming that the change in generation on bus i, 
∆Pi , has a direct effect on line ι and an indirect effect through its 
influence on the power flow on line k, which, in turn, influenced 
line ι when k is out.           
 
 
5.2    The studies of  Generation shift factors      
 
  First we show how to derive the generation-shift sensitivity 
factors 
                                      θ = [X]P                                  (5.2.1) 
       
       Since the DC power-flow model is a linear model, we may 
calculate perturbations about a given set of system conditions by 
use of the same model. This, if we are interested in the changes in 
bus phase angle, ∆θ, for a given set of changes in the bus power 
injections, ∆P, we can use the following calculation. 
                                   
                             ∆θ = [X]∆P           (5.2.2) 
         
        The ∆θ values are thus equal to the bus angles with respect to 
a change in power injection at bus I .Then, the required sensitivity 
factors are                                                                                                       
                   
                   aιi = dƒι / dPi = d[(θn -  θm) / xι] / dPi 
               = (dθn/dPi - dθm/dPi) / xι 




               Xni = dθn/dPi = nth               element from the ∆θ vector  
               Xmi = dθm/dPi = mth            element from the ∆θ vector  
In a different notation : 
            




               a(i,j) =           required sensitivity factor for line i-j . 
                      g   =            index of perturbed generator bus . 
               x ι =            reactance of line i-j.                
 
























                                2                    3                    4                        5     
                            -------------------------------------------------------------- 
                           0.1144    0.112     0.0332     0.0878 
                    
                  -1      0.1112    0.1445   0.0362     0.0957 
      X = ⎢B⎥  =                                                                      (5.2.6) 
                           0.0332    0.0362   0.1090     0.0581 
                    






Sensitivity factors for an outage of generator on bus 5 : 
 
    a(1,2) = (X(i,g) – X(j,g) / xl = (X(1,2) –X(5,5)) / x(2,5) 
 
    Xig=0؛ 
    Xjg=0.0878؛ 
    Xl=0.15؛ 
    a=(Xig-Xjg)/Xl 
    a=  
    0.5853-           
    a*125          
    ans=  (ƒ0ι =-42.21, see Fig. 5.1) 
                     73.1667-         
                               ƒ′ι = ƒ0ι + aιi∆Pi     a*125-42.21 
 
    ans=  
 
    115.3767-        
 





















   -3.9912 
 





















   10.3862  
 



















  -14.6478  
 
 





















  -94.6750  
 
 
               1                 2            3                  4            5 
                 ------------------------------------------------------------------------   
                  0           0.15       0           0.14       0 
  
                  0.15      0           0.04      0             0.17 
 
      x  =      0           0.04      0           0             0.25           (5.2.7) 
    
                  0.14      0           0           0             0.23 
 




5.2.1   Generation shift factors 
                     
Percentage error between the DC and fast decoupled power 
flow. 
 
                         
Fig.  5.3  Five-bus network generator outage case 
                             (Decoupled Power Flow)                     
                             P1 – P2 / P2 × 100 
 
 1.  P (1,2) = 115,37 – 136 1 / 136.1 = -20.73 / 136.1 = -0.1523 
 
                                                          = -0.1523 × 100 = -15.23 % 
 
2.  P (2,5) = 4.1 – 4.0 / 4.0 = 0.1 / 4.0 = 0.025×100 = 2.5 % 
 
3.  P (3,5) = 10.48 – 11.3 / 11.3 = -0.82 / 11.3 
                                                   = -0.0725×100=-7.25 % 
 
4.   P (4,5) = 14.63 – 15.6/ 15.6 = -0.97/15.6 
                                                   = -0.0621×100=- 6.21 % 
 
5.  P (4,1) =94,61–116.6 /116.6= -12.95/116.6 
                                                  = -0.1882×100=-18.82 % 
 
 
Percentage error of angle between the DC and fast decoupled 




2. -9.919 – (-9.8) / -9.8 =-0.119/ -9.8/ 0.0121×100=1.21 % 
 
3. -11.278–(-12.3)/-12.3= 1.022/-12.3=-0.0830×100=-8.30% 
 
4. -7.592 – (-5.6)/-5.6= 1.992/-5.6=0.3557×100 =35.57 % 
 
















5.3   The studies of Line outage distribution   
       factors     
5.3.1  Line outage distribution             
        A line outage may be modeled by adding two power 
injections to a system one at each end of the line to be dropped (see 
figure 5.3.1). The line is actually left in the system and the effects 
of its being dropped are modeled by injections. Suppose line k 
from bus n to bus m were opened by circuit breakers as shown in 
Figure 5.3.1. If ∆Pn = Ρ′nm, where P′nm is equal to the power 
flowing over the line, and ∆Pm = -P′nm, we will still have no current 
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    of network 
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  outage              
                
  
  
                                                     
  
                                   Line k outage  
  simulated with                                       Line k    
     ∆pminjections at     pnm 
                               bus n and bus m                                                              ∆pn  
 
 
Fig. 5.4   Line outage modeling using injections 
    
       Using Eq. 5.3.1 relating to ∆θ and ∆P, we have  
                             
                           ∆θ = [X] ∆P                                  (5.3.1.1) 
where                                   . 
                                             . 
                                                                    . 
                                ∆P =   ∆Pn                                   
                                               . 
                                                           . 
                                                        ∆Pm 
so that 
                            ∆θn = Xnn∆Pn + Xnm∆Pm                (5.3.1.2) 
                            ∆θm = Xmn∆Pn + Xmm∆Pm 
define 
    θn, θm, Pnm         to exist before the outage, where Pnm is the   
                               flow on line k from bus n to bus m 
    ∆θn, ∆θm, ∆Pnm    to be the incremental changes resulting  
                                  from the outage  
    θˇn, θˇm, Pˇnm        to exist after the outage   
      The outage modeling criteria required that the incremental 
injections ∆Pn, and ∆Pm equal the power flowing over the 
outage line after the injections are imposed. Then, if we let the 
line reactance be xk 
                         P′nm = ∆Pn = -∆Pm                                (5.3.1.3) 
where  
                        P′nm = (θ′n - θ′m) /xk 
Then   
                       ∆θn = (Xnm –Xnm)∆Pn                     (5.3.1.4) 
                        ∆θn = (Xmm – Xmn)∆Pn 
and 
                            θ′n = θn + ∆θn (5.3.1.5) 
                            θ′m = θm + ∆θm 
giving         
                 P′ =(θ′n-θ′m) / xk = (θn - θm) / xk+(∆θn - ∆θn) / xk    
                                                                                        (5.3.1.6) 
Or                                                                                    
                            P′ = Pnm + (Xnn + Xmm – 2Xnm)∆Pn / xk 
The (using the fact that P′nm is set to ∆P) 
             ∆P = [1/(1 – (Xnn + Xmm – 2Xnm) /xk)]Pnm              (5.3.1.7)  
     Define a sensitivity factor δ as the ratio of the change in phase 
angle θ, anywhere in the system, to the original power Pnm flowing 
over a line nm before it was dropped. That is, 
                               δi,nm = ∆θi/Pnm                                   (5.3.1.8) 
if neither n or m is the system reverence bus, two injections, ∆Pn 
and ∆Pm, are imposed at buses n and m, respectively. This gives a 
change in phase angle at bus i equal to 
                         ∆θi = Xin ∆Pn + Xim ∆Pm                         (5.3.1.9) 
Then using the relationship between ∆Pn and ∆Pm, the resulting δ 
factor is  
           δi,nm= (Xin – Xim)xk / (xk – (Xnn+Xmm–2Xnm))     (5.3.1.10) 
define dι,k as the change in flow in line ι, due to an outage in line k, 
divided by the minimal flow in line k.                      
                       dι.k = ∆ƒι/ƒ0k = (∆θi- ∆θj) xι /ƒ0k  
                                           = (∆θi/Pnm - ∆θj/Pnm) / xι  
                                           = (δi,nm - δj,nm) / xι               (5.3.1.11)         
if neither i nor j is a reference bus 
                     dl.k = [((Xin – Xim)xk – (Xjn – Xjm)xk) / (xk –        
                               (Xnn + Xmm – 2Xnm))] / xl             (5.3.1.12) 
 
The new flow on line ι will thus be  
 








5.3.1.1    Example for calculation of line outage    
                 distribution factor 
 
       In the following , an example calculation of the line outage 
distribution factors for all lines in the five bus system when subject 
to an outage of line 1-4 is provided.    
                
 
 
                   Fig. 5.5  outage in line  1-4 
 
The general form is : 
 
d(i,j) = ((X(i,n) – X(i,m)) – (X(j,n) – X(j,m)))x(n,m) / x(i,j)(x(n,m) –  
          (X(n,n) + X(m,m) – 2X(n,m))) 
 
Thus :  
 
d(1,2) = ((X(1,1) – X(1,4) – (X(2,1) – X(2,2)) x(1,4) / 
           




Xnn=0؛                        i=1 
Xjm=0.1144؛                    m=4 
Xmm=0.1090؛                      n=1 
Xk=0.15؛                         j=2 
Xl=0.14؛ 
d=((Xin-Xim)-(Xjn-Xjm))*Xk/(Xl*(Xk-(Xnn+Xmm- 




    2.9895 (where ƒK0=42.8 is the old flow on line    
           1-4)   
d*42.8  see Fig. 5.6 
                 (ƒ'ι = ƒι0 + dι.kƒ0k) ans=  
 






   85.7526  
 
d(2,5) = ((X(2,1) – X(2,4) –(X(5,1) – X(5,4)))x(1,4) /  
    
























  -23.9887  
 
d(3,5) = ((X(3,1) – X(3,4) – (X(5,1) – X(5,4))x(1,4) / 
  
























  -20.8032  
 
d(5,4) = ((X(5,1) – X(5,4) – (X(4,1) – X(4,4))x(1,4) /  
 















































     






X is repeated here , for convenience   
 
 
                                2                    3                    4                        5     
                            -------------------------------------------------------------- 
                           0.1144    0.112     0.0332     0.0878 
                    
                  -1      0.1112    0.1445   0.0362     0.0957 
      X = ⎢B⎥  =                                                                (5.3.1.1.1) 
                           0.0332    0.0362   0.1090     0.0581 
                    





5.3.2.1    Line outage distribution factors 
 
Percentage error between the DC and Fast Decoupled power 
flows 
                             
 
           
    
          Fig. 5.7  Five-bus network line outage case 
                                 (Decoupled Power Flow) 
 
                  
                       P1 – P2 / P2 × 100                            
 
1. P (1,2) = 85.97 – 104.6 / 104.6 =-14.23/104.6 
 
                            =-0.1479 × 100= -14.79 % 
 
2.  P (2,5) =23.1 – 17.7/ 17.7 = -1.9 /17.7  
 
                             =  -0.06785 × 100 = -6.785 % 
 
   3.  P (3,5) = 21.96 – 16.9 / 16.9 = -1.14 / 16.9 
 
                                = -0.04935 × 100 =-4.935 % 
 
  4.   P (5,4) = 79.97 – 90.4 / 90.4 = -6.09 / 90.4 
 




Percentage error of angle between the DC and fast decoupled 
power flows 
                             
 




2. – 7.306 – ( - 7.7 ) / - 7.7 = 0.394 / - 7.7  
 
                                             = - 0.05116 × 100 = -5.116 % 
 
3. -8.432 – ( - 9.0 ) / -9.0 = 0.658 / -9.0  
 
                                               = -0.07311 × 100 = - 7.311 % 
 
4. -15.502 – ( -18.8 ) / -18.8 = 3.298 / -18.8  
 
                                                = -0.1754 × 100 = -17.54 % 
 
5. -4.958 – ( -5.3 ) / -5.3 = 0.342 / -5.3 
 







                          CHAPTER SIX      
 
On-Line Dispatch Contingency Selection & Ranking        
 
 
6.1   Introduction 
 
           In on-line studies, the traditional approach for steady-state 
contingency analysis is test all contingencies sequentially to 
evaluate system performance and reliability. This analysis consists 
of simulating outages of one or more generating units and 
transmission facilities to investigate their effects on bus voltages 
and line power flows. Fast computational techniques such as the 
DC load flow and the 1P1Q methods described in last chapters are 
used. 
          This chapter presents a methodology developed for ranking 
transmission line outages and generator outages according to the 
severity of their effects on bus voltage or line flows. As such , the 
method does not explicity indicate whether a contingency is going 
to give bus voltage or circuit overload problems. Rather, it 
indicates the severity of each contingency relative to the others. 
Full ac load flows must still be carried out-but only on the problem 
cases.  Furthermore, what constitutes the set of problem cases is 
easily determined by simply running the load flow for each case 
starting at the top of the list and stopping when the cases do not 
give problems.  
         The cases below the stopping point need not be checked 
since they are already ranked in severity below the cases at the 
stopping point.  In this manner, the method constitutes an adaptive 
contingency processor since the number of cases solved will vary 
depending upon system conditions.   Such an adaptive contingency 
process is shown in Figure 6.1. 
          
                                                                                                                                                                                
                                                                                                      COTINGENCY LIST                               
                                                                                  
 CREATE AND STORE 
                                                                                   ORDERED CONTINGENCY  
                                                                                    LIST 
 
                
INDEX  CASE 
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  START  
 
                                                                  REPORT BUS VOLTAGE 
                                                                                                              AND CURCUIT OVER- 
                                                                                                               LOAD PROBLEMS, IF ANY 
                                                                      
 




                                        YES 
 
 
                Figure   6.1    




6.2     AC Power Flow  
 
           The calculations made by network sensitivity methods such 
as the DC load flow sensitivity factors are faster than those made 
by AC power flow method and therefore find wide use in 
operations control systems. How, there are many power systems 
where the voltage magnitude is the critical factor in assessing 
contingencies. 
             When an AC power flow is to  be used  to study each 
contingency case, the speed of solution and the number of cases to 
be studies are critical. To repeat what was said before, if the 
contingency alarm come too late for operators to act, they are 
 
STOPPING   
 
CRITERIA   
 
     MET? 
     ADVANCE INDEX 
  TO  NEXT CASE IN 
CONTINGENCY LIST 
      STOP 
worthless. Most operations control centers that use an AC power 
flow program for contingency analysis use either a Newton-
Raphson or the decoupled power flow. These solution algorithms 
are used because of their speed of solution and the fact that they 
are reasonably reliable in convergence when solving difficult 
cases. The decoupled load flow has the further advantage that a 
matrix alteration formula can be incorporated into it to simulate the 
outage of transmission lines without reinverting the system 
Jacobian matrix at each iteration.    
            
 
 
     The simplest AC security analysis procedure consist of running 
an AC power flow analysis for each possible generator, 
transmission line, and transformer outage as shown in Figure 6.2. 
This procedure will determine the overloads and voltage limit 
violations accurately (at least within the accuracy of the power 
flow program, the accuracy of the model data, and the accuracy 
with which we have obtained the initial conditions for the power 
flow). If the list of outages has several thousand entries, then the 
total time to test for all of the outages can be too long. 
            We are thus confronted with a dilemma, Fast, but 
inaccurate methods can be used to give rapid analysis of the 
system, but they cannot give information about MVAR flows and 
voltages. Slower, full AC power flow methods give full accuracy 
but take too long.  
           Fortunately, there is a way out of this dilemma because of 
the way power system is designed and operated, very few of the 
outages will actually cause trouble. That is, most of the time spent 
running AC power flows will go for solutions of the power flow 
model that discover that there are no problems. Only a few of the 
power flows solutions will, in fact, conclude that an overload or 
voltage violation exists.      
 
      A flowchart for a process like this appears in Figure 6.2 
selecting the bad or likely trouble cases from the full outage case 
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i = 1
Pick outage I from the short list 
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           The solution to this dilemma is to find a way to select 
contingencies in such a way that only those that are likely to result 
in an overload or voltage limit violation will actually be studied in 
detail and the other cases will go unanalyzed. 
                                    
6.3     Contingency Selection   
         We would like to get some measure as to how much a 
particular outage might affect the power system. The idea of a 
performance index seems to fulfill this need. The definition for the 
overload performance index (PI) is as follows ( see ref. 7 ): 
Run an AC Power Flow on the 
current model updated to reflect 
the outage
test for overloads and voltage limit 
violations. Report all limit 
violations in an alarm list.
Last outage done?  
     i = i +1 
                                            NB          
                                 PI =    ∑       (Pflow ι/PLimι)2n                                       (6.3.1) 
                                       all branches i  
 
If n is a large number, the PI will be a small number if all flows are 
within limit, and it will be large if one or more lines are 
overloaded. The problem then is how to use this performance 
index. 
      One way to perform an outage case selection is to perform 
what has been called the 1P1Q method. Here, a decoupled power 
flow is used. As shown in Figure 6.3, the solution procedure is 
interrupted after one iteration (one P – Q Calculation and Q – V 
calculation; thus, the name 1P1Q ). With this procedure, the PI can 
use as large an n value as desired. 
 
        
 
        
       
 
           Full outage 




  Begin power flow  solution   
    Build B′ and B″ matrices 
       Model outage case 
    Solve the P-theta equation 







   
                                                           PI List 
                                                                                 (one entry for  
                                                                                  each outage case) 
 
Fig.  6.3  The 1P1Q contingency selection procedure 
      
      There appears to be sufficient information in the solution at the 
end of the first iteration of the decoupled power flow to give a 
reasonable PI. Another advantage to this procedure is the fact that 
the voltages can also be included in the PI. Thus, a different PI can 
be used, such as: 
                               NB 
             PIMW,V =   Σ    ( PSPflowι / PιLim ) + Σ   (∆⎜Ei⎟ / ∆⎜E⎟Lim )2m  
                             all branches i                                           all buses i 
                                                                                            (6.3.2) 
                      
     θ inew =  θiold + ∆θi 
   Solve the Q-V equation 
   for the ∆⎜E⎟'s  
    
   ⎜Ei⎜new = ⎜EI⎟ + ∆⎜EI⎟  
Calculate flows and voltages for 
this case then calculate the PI  
  Pick next outage case 
where ∆⎜E⎟ is the difference between the voltage magnitude as 
solved at the end of the 1P1Q procedure and the base-case voltage 
magnitude. ∆⎜E⎟Lim is a value set utility engineers indicating how 
much they wish to limit a bus voltage from changing on one outage 
case.  
           To complete the security analysis, the PI list is sorted so that 
the largest PI appears at the top. The security analysis can then 
start by executing full power flows with the case which is at the 
top of the list, then solve the case which is second, and so on down 
the list. This continues until either a fixed number of cases is 
solved, or until a predetermined number of cases are solved which 
do not have any alarms.  





    6.3.1   Performance index for voltage analysis              
         The voltage level  performance  index  chosen  to quantify 
system deficiency due to out-of-limit bus voltages is defined by ( 
see ref.9 ) .  
                  NB  
 (6.3.1.1) PIV  =   ∑   ( ⎢Vi⎥ - ⎢Visp⎥ / ∆ViLim)2n  
              i= 1       
                                                                                                 where   
 
⎥ Vi⎟       =   Voltage magnitude at bus i  
  
⎢Visp⎥        =   Specified (rated) voltage magnitude at bus i 
 
∆ViLim         =   voltage deviation limit 
 
NB           =   Number of buses in the system  
 
             The voltage deviation ∆ViLim represents the threshold 
above which voltage level deviations are outside their limit, any 
contingency load flow with voltage levels outside this limit yields 
a high value of the index PIV. On the other hand, when all the 
voltage level deviations from the rated voltage are within   ∆ViLim 
the voltage performance index PIV is small. 
Thus, this index measures the severity of the out-of-limit bus 
voltages, and for a set of contingencies, this index provides a direct 
means of comparing the relative severity of the different outages 
on the system voltage profile.                                        .   .  
6.3.2    Performance Index for Power Flow Analysis  
          An index for quantifying the extent of line overloads may be 
defined in terms of a real power performance index:  
                     NL 
 (6.3.2.1)        PIMW =  ∑   (PSPι /PιLim)2n   
                    ι=1 
        where  
 
                  Pι     =        The megawatt flow of line ι 
             
                  PιLim   =       The megawatt capacity of line ι 
  
                  NL     =       the number of line in the system 
 
                   N       =       Specified exponent (n = 1)  
 
            The performance index PIMW contains all line flows by their 
limits. The index PIMW has a small value, when all line flows are 
within their limits, and a high value when there are line overloads. 
Thus, it provides a good measure of the severity of line overloads 










                    CHAPTER SEVEN 
 
              The Yemen National Grid 
  
 
7.1       Yemen National Network  
 
           The Yemen National Grid on the transmission and sub-
transmission levels is an interconnection by 132 KV and 33 KV 
networks linking the points of consumption to those of generation. 
The most significant transmission line is the 132 KV double circuit 
line extending over a distance of about 600 KM, starting at Ras-
katanib power station at Hodiada city north of Yemen, near the red 
sea and running along to central where it terminates at  Sana′a BSP 
(Aser substation 132 / 33 KV).                     It undergoes typically 
changes in generation centers that drastically influence the power 
flows the system. This arises from the that fact that the grid relies 
heavily on the steam power generated at Ras-katanib , and to a 
much less extent on Mouka steam station. The transmission 
voltage is stepped down  at Sana′a area which represents the major 
domestic and industrial consumption region. Other towns and 
economically vital centers are fed from substations located at 
various intervals along the grid. 




7.2    Transmission lines    
 
          Power transmission lines are normally classified  
according to length as follows:         
                         (i)     Long  ( above 250  Km ). 
                         (ii)    Medium  ( 80 – 250  Km ). 
                         (iii)   Short  ( less than 80  Km ) 
       In fact all lines in the Y.N.G. do not exceed 250 Km and hence 
modeling the network lines on a medium length basis would prove 
sufficiently accurate.                                          .                 The 
Yemen National Grid transmissions lines will result in 42 links 
joining the system substations. Data for these links was prepared 
using the lengths and specifications of the transmission lines 
involved. After evaluating the actual parameters of the lines, the 
values were converted to the p.u. system on a 100 MVA base. 
Table 7.3.1 shows a list of the system lines which are numbered 
according to the sending and receiving end bus bars. The values of 
resistance, reactance and half line charging of each line are in per 
unit. The layout diagram of the lines which illustrates the complete 
Y. N. G. system as prepared for analysis.                          . 
                                                    
 
 
   System Model Line Data  
      
The data is shown in Table 7.2  
Busbar  no.           R (p.u.)          X  (p.u.)               Y/2   (p.u.)
     11-13                    0.0163             0.093                 0.021
     13-16                    0.059               0.336                 0.076
     13-15                    0.044               0.247                 0.056
     15-17                    0.043               0.243                 0.055
     17-19                    0.021               0.120                 0.027
     19-20                    0.020               0.112                 0.026
     21-20                    0.020               0.115                 0.026
     16-21                    0.031               0.178                 0.041
     16-23                    0.041               0.230                 0.052
     23-24                    0.016               0.093                 0.021
     20-22                    0.016               0.091                 0.021
     22-26                    0.022               0.122                 0.028
     26-27                    0.022               0.125                 0.029
     44-27                    0.027               0.154                 0.035 







7.3   Transformers 
 
     In general, transformers operating in the Y. N. G. fall into three 
 groups: 
 
(i)     Two winding transformers. 
 
(ii)    Three winding transformers.  
 
(iii)   Auto transformers. 
 
           All transformers in the system are fitted with tap changing 
equipment on the high voltage side. There are no phase shifting 
transformers operating in this system.                       
    Two  winding transformers: 
  
            The model for a two minding transformers is quite simple. 
It consists of a series branch representing the windings resistance 
and leakage reactance, and a shunt branch with a reactive 
component representing magnetization and a resistive 
representing core losses.                                                            .      
  
Three winding transformers: 
 
           Three winding transformers are characterized three 
parameters which are reassured as follows:                              
 
           Zps    =     Impedance of primary measured with secondary 
        short circuited and tertiary open.  
  
          Zpt    =     Impedance of primary measured with tertiary 
                     short circuited and secondary open. 
 
          Zst    =     Impedance of secondary measured with 



























Table  7.3     
System Model Transformer Impedance 
 
   Two winding transformers: 
 
   
     Between busbars                          X(p.u.)
  
11-2                                              0.353 
11-12                                            0.365 
14-25                                            0.164 
13-28                                            0.399 
15-29                                            0.665 
17-1                                              0.297 
19-48                                            0.400 
33-20                                            0.211 
21-47                                            0.239 
16-46                                            0.440 
23-42                                            0.165 
24-43                                            0.140 
44-45                                            0.320 








Table  7.4      
System Model Transformer Impedance 
 




      Between   Busbars                                  X(p.u.)
      P           s            t                             p-s       p-t      s-t           
     22         31         32                         0.4          0.38     0.32
     30          34         35                         0.4          0.38    0.32
 















                      CHAPTER EIGHT  
 
 
Application of contingency analysis to the Yemen 




   8.1  Contingency Selection of Yemen National Grid  
         System performance Indices 
  
           The methods chosen for contingency selection and ranking 
for the Yemen National Grid were based on the analysis carried 
out in chapter 6. It was clear  that the major findings in that chapter 
was that the best accuracy offered for MW contingencies was to 
carry out a D.C. load flow, while for voltage contingencies the 
2P2Q iteration was adopted. For each type , the performance 
indices defined in 6.3.1 and 6.3.2. were used. In this chapter, for 
practical purposes a slight modification is introduced into the 
definition of the performance index in the form of a weight 
multiplication . This weight (or scaling factor) allows the 
dispatcher to assign different levels of importance to particular 
contingencies , and more important , allows scaling of the voltage 
PI in relation to the MW PI . This prevents the value of one type of 
PI from overshadowing ( or masking ) the outcome  of the other 
type .                     .                                        
 
8.2      Application of the (2P2Q), (DC) and Full Power 
      Flow method to The Yemen National Network         
 
   8.2.1.    Calculation for Voltage (2 iteration ) PI applied   
                 to Y. N. N. (One circuit ))  
                   
         The voltage performance index used here is defined as :  
 
            NB 
(8.2.1.1)  PIV =  ∑ ωi /2P (( ⎢Vi⎥ - ⎢Visp⎥ )/ ∆ViLim)2p  
 i= 1       
                 
         Set      P = 1  and  ωi = 4   
     NB                                                                                                                                       
(8.2.1.2) PIV  =  ∑   2 ((V(i) – 1.0) / 0.1)2  
            i= 1 
     Note here that the voltage  performance index PIV differs 
slightly from those shown in section 8.2.1, 8.2.2. 
The main difference is that it is here multiplied by a weighting 
coefficient ωi/2P. The weighting factors are selected on the basis of 
experience with the system, and on the relative importance placed 
on the various limit violations. In this project the strategy is to treat 
limit violations of voltage and MWs with equal importance , and 
hence the weights are selected so that they produce approximately 
similar magnitudes with the worst violation cases. This ensures 
that one type of the performance indices does not dominate the 
other in the ranking process.                                                                
 
  
         1.  Outage of one circuit in the line ( SANA′A -     
              DHAMAR)  
                 Voltage  Performance Index = 2((0.86 – 1.0)/0.1)2 
 
                                     = 2(0.14/0.1)2 = 2(1.4)2 = 2×1.96 = 3.920    
         2.  Outage of one circuit in the line (DHAMAR –  
              BAJIL)    
  
                 Voltage  Performance Index = 2((0.87 – 1.0)/0.1)2         
                                    = 2(0.13/0.1)2 = 2(1.3)2 = 2×1.69 = 3.380 
 
         3. Outage of one circuit in the line (DHAMAR -  IBB)   
                 
                 Voltage Performance Index = 2((0.88 – 1.0)/0.1)2  
                                                              
                                = 2(0.12/0.1)2 = 2(1.20)2  = 2×1.44 = 2.880 
 
  
         4. Outage of one circuit in the line ( IBB -  TAIZ )  
                 
                      Voltage  PI = 2((0.90 – 1.0)/0.1)2 = 2(0.1/0.1)2  
 
                                                                          = 2×1.0 = 2.00 
        5.  Outage of one circuit in the line (TAIZ – BARH)    
 
                    Voltage  PI = 2((0.97 – 1.0)/0.1)2 = 2(0.03/0.1)2 
 
                                                                          = 2×0.3 = 0.60 
        
 
 
        
 
       6.  Outage of one circuit in the line (BARH  -  MUKHA) 
              
                   Voltage   PI = 2((0.98 – 1.0)/0.1)2 = 2(0.02/0.1)2 
 
                                                                          = 2×0.2 = 0.40      
       7.  Outage of one circuit in the line (MUKHA - JARAHI ) 
             
                   Voltage   PI = 2((1.04 – 1.0)/0.1)2 = 2(0.04/0.1)2 
 
                                                                          = 2×0.16 = 0.32  
       8.  Outage of one circuit in the line (JARAHI  - BAJIL)   
                 
                 Voltage Performance Index  = 2((1.02 – 1.0)/0.1)2  
      




















8.2.2.    Calculation for The "DC" MW PI applied to Y.N.N. 
        (One circuit) 
         N       
 (8.2.2.1) PI =  ∑ ωi /2P (Pspι/PLimι)2P  
            i = 1  
  Set       P = 1  and  ωi = 4   
 
    1.  (SANA′A - DHAMAR) 
           
           MW Performance Index = 2 (1.415/1.0)2 = 2 × 1.967  
                                                                                       = 3.92 
    2.  (BARH - MUKHA) 
                         
                        MW PI  = 2(0.897 / 1.0)2 = 2 × 0.804 = 1.608 
 
    3.  (TAIZ - BARH ) 
                        
                        MW  PI = 2(0.794 / 1.0)2 = 2 × 0.630 = 1.260 
 
    4.  (IBB -TAIZ) 
                         
                       MW  PI = 2(0.790 / 1.0)2 = 2 × 0.624 = 1.248 
 
    5.  (DHAMAR - BAJIL) 
                         
                        MW  PI = 2(0.740 / 1.0)2 = 2 × 0.547 = 1.094 
 
    6.  (DHAMAR - IBB) 
                        
                       MW  PI = 2(0.549 / 1.0)2 = 2 × 0.301 = 0.602 
 
    7.  (MUKHA - JARAHI ) 
                        MW  PI = 2(0.217 / 1.0)2 = 2 × 0.047 = 0.094 
 
    8.  (JARAHI - BAJIL) 
                        MW  PI = 2(0.166 / 1.0)2 = 2 × 0.0275 = 0.055  
    
 8.2.3.    Ranking according to both Voltage (2P2Q) & Power 
           Flow ″DC″  indices                  
    1.  (SANA′A - DHAMAR ) and (  SANA′A - DHAMAR)      
                       Performance Index = 3.9203 + 3.920 = 7.30 
  
    2.  (DHAMAR – BAJIL)  ) and (DHAMAR - BAJIL)      
                                        
                                               PI =  3.380 + 1.094 = 4.474 
 
    3.  (DHAMAR -  IBB) and (DHAMAR - IBB)  
                                         
                                               PI = 2.880 + 0.602 = 3.482 
 
    4. (IBB -  TAIZ) and (IBB -TAIZ) 
                                         
                                               PI = 2.00 + 1.248 =3.248    
  
    5. (TAIZ – BARH) and (TAIZ – BARH)       
                                          
                                              PI =  0.600 + 1.260 = 1.860  
 
    6.  (BARH - MUKHA) and  (BARH - MUKHA)    
                                        
                                              PI = 0.40 + 1.608 = 2.008 
 
    7.  (MUKHA - JARAHI) and (MUKHA - JARAHI)   
                                            
                                              PI = 0.32 + 0.094 = 0.414 
 
    8.  (JARAHI  - BAJIL) and (JARAHI - BAJIL) 
                                            






8.2.4.   Calculations for Voltage PI using Full     
            Power Flow(One circuit) 
           
          The voltage performance index is once again calculated for 
the selected contingencies on the Y.N.N., but this time using a full 
Newton-Raphson power flow. This calculations serves as a useful 
yardstick to gauge the accuracy of the 2P2Q method and as a 
verification that this method as proposed earlier is indeed suitable 
for evaluating voltage contingencies.  
   
             NB  
                (8.2.4.1)      PIV  =  ∑   ωi /2 ((V(i) – 1.0) / 0.1)2  
                  i=1 
 
       1.  Outage of one circuit in the line ( SANA′A -     
              DHAMAR)   
                
               Voltage  Performance Index = 2((0.85 – 1.0)/0.1)2         
 
                                    = 2(0.15/0.1)2 = 2(1.5)2 = 2×2.25 = 4.50   
            
       2.  Outage of one circuit in the line (DHAMAR –  
              BAJIL)    
 
                Voltage  Performance Index = 2((0.86 – 1.0)/0.1)2 
 
                                     = 2(0.14/0.1)2 = 2(1.4)2 = 2×1.96 = 3.920 
 
       3.  Outage of one circuit in the line (DHAMAR -  IBB)  
 
                    Voltage Performance Index = 2((0.89 – 1.0)/0.1)2  
                                                              
                                = 2(0.11/0.1)2 = 2(1.10)2  = 2×1.221 = 2.442  
 
       4.  Outage of one circuit in the line ( IBB -  TAIZ ) 
              
                    Voltage  PI = 2((0.90 – 1.0)/0.1)2 = 2(0.1/0.1)2  
 
                                                                          = 2×1.0 = 2.00   
  
       5.  (Outage of one circuit in the line (TAIZ – BARH)       
  
                   Voltage  PI = 2((0.95 – 1.0)/0.1)2 = 2(0.05/0.1)2 
 
                                                                         = 2×0.25 = 0.5      
         
      6.  Outage of one circuit in the line (BARH  -  MUKHA)   
                 
                     Voltage  PI = 2((0.96 – 1.0)/0.1)2 = 2(0.04/0.1)2 
 
                                                                       = 2×0.16 = 0.32   
       
      7.  Outage of one circuit in the line (MUKHA - JARAHI )   
                
                   Voltage  PI = 2((1.03 – 1.0)/0.1)2 = 2(0.03/0.1)2 
 
                                                                       = 2×0.09 = 0.18 
         
      8.  Outage of one circuit in the line (JARAHI  - BAJIL)   
                 
           Voltage Performance Index  = 2((1.01 – 1.0)/0.1)2  
      








8.2.5.    Calculations for MW PI using Full   
             Power Flow (One circuit)  
          N       
(8.2.5.1)    PI =  ∑ ωi /2P (Pspι/PLimι)2P  
            i = 1  
                     P = 1 
                    ωi= 4 
       1.  (SANA′A - DHAMAR) 
           
           MW Performance Index = 2 (1.019/1.0)2 = 2 × 1.0384  
                                                                                       = 2.077 
      2.  (BARH - MUKHA) 
                         
                        MW PI  = 2(0.89 / 1.0)2 = 2 × 0.804 = 1.604 
 
      3.  (TAIZ - BARH) 
                        
                        MW  PI = 2(0.76 / 1.0)2 = 2 × 0.578 = 1.155 
 
      4.  (IBB -TAIZ) 
   
                    MW   PI = 2(0.637 / 1.0)2 = 2 × 0.469 = 0.938 
           
      5.  (DHAMAR - BAJIL) 
                         
                  M MW  PI = 2(0.653 / 1.0)2 = 2 × 0.424 = 0.853    
     
      6.  (DHAMAR - IBB ) 
                        
                       MW  PI = 2(0.449 / 1.0)2 = 2 × 0.201 = 0.402 
 
      7.  (MUKHA - JARAHI) 
                        MW  PI = 2(0.217 / 1.0)2 = 2 × 0.047 = 0.084 
 
      8.  (JARAHI - BAJIL) 
                      MW  PI = 2(0.166 / 1.0)2 = 2 × 0.0275 = 0.045  
 
8.2.6.       Ranking for Voltage and MW PI's using Full  
                Power Flow   
              
     1. (SANA′A - DHAMAR ) and (  SANA′A - DHAMAR)       
              
                       Performance Index = 4.50 + 2.077 = 6.577 
  
    2.  (DHAMAR – BAJIL)  ) and (DHAMAR – BAJIL)       
                                        
                                               PI =  3.920 + 0.853 = 4.773          
 
    3. (DHAMAR -  IBB) and (DHAMAR -  IBB)  
                                         
                                               PI = 2.442 +  0.402 = 2.844   
 
    4. (IBB -  TAIZ) and (IBB -TAIZ)  
                                         
                                               PI = 2.00  +  0.938 = 2.938   
  
    5. (TAIZ – BARH) and (TAIZ – BARH)        
                                          
                                              PI =  0.50 + 1.155 = 1.655   
 
    6.  (BARH - MUKHA) and  (BARH - MUKHA)      
                                        
                                              PI = 0.32 + 1.604 = 1.924      
 
    7.  (MUKHA - JARAHI) and (MUKHA - JARAHI)   
                                            
                                              PI = 0.18 + 0.084 = 0.264 
 
    8.  (JARAHI  - BAJIL) and (JARAHI - BAJIL)  
                                            
                                             PI = 0.02 + 0.045 = 0.065 
 
 
8.2.7  Fast Decoupled (2P2Q) and Full Power Flow(One 
       circuit)  
         
           In order to summarize the findings, and to assess the 
accuracy of the ranked contingency list, the voltage performance 
index as calculated by the approximate (2P2Q) method is 
compared against that of a full power flow for the following 
outages.                                                                            .                 
           1.  Outage of one circuit in the line ( SANA′A -     
              DHAMAR)    
                              
                           (2P2Q) Voltage  Performance Index = 3.9203 
                            (Full)   Voltage  Performance Index = 4.500 
           
           2.  Outage of one circuit in the line (DHAMAR –  
              BAJIL)    
                            (2P2Q) Voltage Performance Index = 3.380   
                            (Full)    Voltage Performance Index = 3.920 
 
          3.  Outage of one circuit in the line (DHAMAR -  IBB)   
 
                            (2P2Q) Voltage Performance Index  = 2.880 
                            (Full)    Voltage Performance Index  = 2.442 
 
  
         4.  Outage of one circuit in the line ( IBB -  TAIZ )   
                 
                                      (2P2Q)          Voltage  PI = 2.00 
                                      (Full)             Voltage  PI = 2.00            
 
          
 
 
         5.  Outage of one circuit in the line (TAIZ – BARH) 
 
                                    (2P2Q)        Voltage  PI = 0.60 
                                  (Full)             Voltage  PI =0.50    
 
        6.  Outage of one circuit in the line (BARH  -  MUKHA)   
 
                             (2P2Q)          Voltage  PI =0.40 
                             (Full)             Voltage  PI =0.32    
         
        7.  Outage of one circuit in the line (MUKHA - JARAHI ) 
 
                            (2P2Q)          Voltage  PI =0.32 
                           (Full)             Voltage  PI =0.18     
         
        8.  Outage of one circuit in the line (JARAHI  - BAJIL) 
 
                          (2P2Q)          Voltage  PI =0.08 
















8.2.8     DC and Full Power Flow ″MW ″(One circuit)  
  
        
          A similar comparison is made between the MW PI as 
calculated by the approximate DC method and the Full load flow 
for the following outages.                                                .         
       1. Outage of one circuit in the line (SANA′A - DHAMAR)  
           
          (DC) MW Performance Index = 3.920 
         (Full) MW Performance Index = 2.077 
       
       2.  Outage of one circuit in the line (BARH - MUKHA)  
                                    
                                    (DC) MW PI  = 1.608 
                                   (Full) MW PI  = 1.604         
       
        3.  Outage of one circuit in the line (TAIZ - BARH) 
 
                                   (DC) MW  PI = 1.260 
                                  (Full) MW  PI = 1.155 
 
       4.  Outage of one circuit in the line (IBB -TAIZ)  
                         
                                   (DC) MW  PI = 1.248 
                                  (Full) MW  PI = 0.938 
       5. Outage of one circuit in the line (DHAMAR - BAJIL) 
 
                                   (DC) MW  PI = 1.094  
                                  (Full) MW  PI = 0.853  





     6. Outage of one circuit in the line (DHAMAR - IBB) 
 
                                    (DC) MW  PI = 0.602   
                                  (Full) MW  PI = 0.402 
       
     7. Outage of one circuit in the (MUKHA - JARAHI ) 
 
                                   (DC) MW  PI = 0.094   
                                  (Full) MW  PI = 0.084 
 
       8.  Outage of one circuit in the (JARAHI - BAJIL) 
 
                                   (DC) MW  PI = 0.055   
                                  (Full) MW  PI = 0.045 
 
8.2.9   Sum of both voltage and MW performance   
           index  
 
 
       1. Outage of one circuit in the line (SANA′A - DHAMAR)       
           & (SANA′A - DHAMAR) 
 
           2P2Q + DC     (Voltage + MW) = 3.9203 + 3.920 = 7.84 
         Full Power Flow (Voltage + MW) = 4.500 + 2.077 = 6.577 
                                         Relative error  = 19.2 % 
       
       2. Outage of one circuit in the line (DHAMAR – BAJIL) 
       & (DHAMAR – BAJIL)   
 
           2P2Q + DC       (Voltage + MW) = 3.380 + 1.094 = 4.474     
         Full Power Flow (Voltage + MW) = 3.920 + 0.853 = 4.773    
                                         Relative error  = - 6.3 % 
        
        3. Outage of one circuit in the line (DHAMAR -  IBB) &    
           (DHAMAR -  IBB) 
 
          2P2Q + DC         (Voltage + MW) = 2.880+ 0.602 = 3.480 
        Full Power Flow (Voltage + MW) = 2.442 +  0.402 = 2.844      
               Relative error  = 22.4 % 
 
 4. Outage of one circuit in the line (IBB -TAIZ) & ( IBB - 
          TAIZ )     
            2P2Q + DC       (Voltage + MW) = 2.00 + 1.248 = 3.248 
          Full Power Flow (Voltage + MW) = 2.00 + 0.938 = 2.938 
                                          Relative error  = 10.5 % 
      5. Outage of one circuit in the line (BARH - MUKHA) &     
          (BARH - MUKHA) 
                       
           2P2Q + DC       (Voltage + MW) = 0.40 + 1.608 = 2.008 
          Full Power Flow (Voltage + MW) = 0.32 + 1.604 = 1.924    
                                         Relative error  =4.2 % 
      6. Outage of one circuit in the line (TAIZ – BARH) &    
          (TAIZ – BARH)   
 
          2P2Q + DC        (Voltage + MW) = 0.600 +1.260 =1.860 
        Full Power Flow (Voltage + MW) = 0.500 + 1.155 = 1.655 
                                        Relative error  =12.4 % 
       
      7. Outage of one circuit in the line (MUKHA - JARAHI) &  
          (MUKHA - JARAHI) 
 
          2P2Q + DC       (Voltage + MW) = 0.32 + 0.094 = 0.414 
        Full Power Flow (Voltage + MW) = 0.18 + 0.084 = 0.264  
                                        Relative error  = 56.8 %    
 
      8. Outage of one circuit in the line (JARAHI  - BAJIL) &  
         (JARAHI - BAJIL) 
 
         2P2Q + DC       (Voltage + MW) = 0.08 + 0.055 = 0.135 
       Full Power Flow (Voltage + MW) = 0.02 + 0.045 = 0.065 











ranking according to                     ranking according  
 DC and 2P2Q                                  to full NR 
 
 
 1.   (SANA′A - DHAMAR)          (SANA′A - DHAMAR) 
 
2.    (DHAMAR – BAJIL)             (DHAMAR – BAJIL)  
 
3.    (DHAMAR -  IBB)                (IBB -TAIZ)  
 
4.    (IBB -TAIZ)                               (DHAMAR -  IBB) 
                            
5.   (BARH - MUKHA)                (BARH - MUKHA) 
 
6.   (TAIZ – BARH)                    (TAIZ – BARH) 
 
7.   (MUKHA - JARAHI)              (MUKHA - JARAHI) 
 







                   CHAPTER NINE  
       
Conclusions and Recommendations  of  the (P1Q1), 
DC and Full Power Flow in Yemen National Grid 
 
9.1   Results and tests of Fast Decoupled (2P2Q), DC and   
       Full Power Flow 
                As the results indicate, the techniques (the second iteration 
of Fast Decoupled and DC Power Flow) to achieve contingency 
selection were reasonably accurate. These methods were tested on 
a power system representing the Yemen National Network. The 
transmission planning engineer and the dispatcher  can discover 
system weaknesses such as low voltages, line overloads, loading 
conditions deemed excessive. These weaknesses can be removed 
by the dispatcher through generation and network allocations 
involving changes to the base case system. Outages are ranked on 
the basis of their corresponding performance  indices. Ranking for 
overloads and ranking for voltage problems are done separately but 
summed in the pursuit of an overall general security index . An 
effort here to provide the capability to attach  different weights to 
each of the two performance indices was made. Although this 
capability was not really needed here – each index had a weight 
equal to 2 – it would empower the dispatcher to make the changes 
when needed. For example in a case where the network is starved 
of reactive power, the voltage violations would overshadow (mask) 
the MW violations unless their index was diluted by reducing its 
weight. The outage cases of  SANA′A - DHAMAR, DHAMAR – 
BAJIL, DHAMAR -  IBB,   IBB -  TAIZ, TAIZ – BARH, BARH  
-  MUKHA, MUKHA - JARAHI  and (JARAHI  - BAJIL) were 
analyzed for a comparison between the Fast Decoupled (2P2Q) 
(voltage) , (DC) MW and Full Power Flow. 
 
9.2     Accuracy of  Results 
        It is noteworthy to mention here that it is not intended to 
achieve a high degree of accuracy in calculating the performance 
index. What really matters is that the ranking systems works 
correctly. In other words one should get the same list of 
contingencies, in the order of severity, whether one works with a 
full Newton-Raphson load flow or with an approximate method. If 
the same list is maintained, then the object will have been 
accomplished, ie to have developed a contingency ranking system 
that is both accurate and fast. The result shown quite clearly that 
the approximate ranking method agrees to a fair extent with full 
load flow ranking  for the Yemen Network, and with the operating 
conditions assumed , only one minor mis-ranking was detected ( 
between IBB – TAIZ and DHAMAR – IBB ) in the first eight 
′meaning full′contingencies. The relative error itself does not much 
significance , indeed it becomes very large at the bottom of the 
first occupied by the less important contingencies.  Yet the ranking 
is preserved almost intact which is a convincing proof that the 
approximate methods can quite fairly produce a reliable 
contingency ranking.        
 
9.3    Speed  of  Execution 
 
        The speed of execution is an important factor since the real 
advantage for the online dispatcher in particular and, additionally 
for the network planner is that a large number of contingencies can 
be run in a relatively short time.          
An overall assessment of the system′s security should be compiled 
before the system operating conditions move into a different state 
(in the case of an on-line application). 
        To calculate the speed of execution, on needs to remove the 
user interface interaction time, when the system is basically in a 
looped state, waiting for user information. Unfortunately, system 
tools for estimating the processor time for execution were not 
found in the platform used, which was Windows©2000 running on 
a 1.8 MHz Intel© Pentium processor system. Hence a crude 
estimate was made of the execution time for a 48 bus system. The 
program required for the full Newton-Raphson method a time of 
1.5 seconds to reach a solution while it required  0.2 seconds for 
the DC method and  0.3 seconds for the 2P2Q method.    
                                 
9.4   Conclusions  
 
        The aim from the onset was to develop algorithms and 
implement methods for fast contingency ranking of a power 
system, and to test the methods on the Yemen National Network.  
        As such, the methods developed were successful, achieving 
an reasonable accuracy ( in the sense that correct ranking is 
achieved ) and at the same time speeding up the calculation 
process by a factor of at least 3 . It can be put forward therefore , 
that the methods proposed can be used with a high degree of 
confidence by both the dispatch engineers who has no luxury of 
time to carry out full analysis and the planning engineers, who may 
have time but need to carry out exhaustive search of network 
violations for all loads forecasts and proposed generation and 
transmission reinforcements. 
        Additionally, as a by product of the analysis, weaknesses of 
the Yemen National Network have been high lighted. It is now 
quite clear, less it be doubted, that the SANA′A – DHAMAR line 
is the lifeline of the network. Loss of one of the two circuits cause 
both power and voltage violations, and if any further   
reinforcement of the network is to be considered, addressing this 
line should get immediate priority. DHAMAR – BAJIL follows, 
but with much less emphasis on the MW index, indicating that this 
line may not need additional transmission capacity, but could 
certainly benefit from MVAR compensations (at a location 
depending on the direction of flow). 
        An so on and so forth , the problems of the network could be 
investigated for the forecasted future load and proposed generation 
and line reinforcements. Using the proposed approximate method 
would cut the time significantly for conducting all the studies 
needed and allow a larges number of cases to be considered.                 































1. B. Stott and O. Alsac, "Fast Decoupled Load Flow," IEEE 
trans, on Power App, and Syst., Vol. PAS-93, pp. 859-867, 
May 1979. 
 
2. M.K. Enns, J.J. Quada, and B. Sackett, "Fast Linear 
Contingency Analysis, " IEEE Trans, on Power App, and 
Syst., Vol. PAS-101, pp.783-791, Apr. 1982. 
 
3.   John J. Grainger and William D. Stevenson, Jr. " Power 
     System Analysis " Professor, Department of Electrical and       
     Computer Engineering, International Editions 1994. 
 
4. J.A. Meijerink and H.A, van der Vorst, "An Iterative Solution 
Methods for Linear Systems of which the Coefficient Matrix is 
a Symmetric M-Matrix," Math, Comp., Vol. 31, pp. 148-162, 
1977. 
 
5. H.Mori, J, Kanno and S. Tsuzuki, "A New DC Load Flow 
Method for Power System Contingency Analysis," Trans, IEE 
of Japan, Vol. 112-B, No. 9, pp. 773-778, S3p. 1992. 
 
6. R. Flecher, "Conjugate Gradient Methods Indefinite 
Systems," in G.A. Watoson(Ed.), Proc. of the Dundee Biennial 
Conf. on Numerical Analysis, Lecture Note in Math., 506, 
pp.73-89, Springer. Verlag, 1976. 
 
7. Allen J. Wood and Bruce F Wollenberg, "Power Generation, 
Operation and Control" Professor, Department of Electrical and 
Computer Engineering, International Editions 1974. 
 
8. Cross, Charles A. " Power System Analysis " Square D          
Power Professor, Auburn University, and Department of 
Electrical Engineering, International Editions, 1979. 
 
    9. G.C. Ejebe and B.F. Wollenberg , ″Automatic Contingency       
         Selection ″ IEEE Trans. on Power Apparatus and Systems,    














Calculation of  B′, B″  
        To inverse the matrices B′ and B″ it is necessary to develop 
matrix inversion algorithm . 
 
 
x1 = inverse of b1 matrix (b matrix except for slack bus      
        entries) 
x2 = inverse of b2 matrix (b matrix except for slack bus   
        and generator busbars) 
            d(angle)= b1^(-1) * (Pg - Pl - P) 
            d(voltage) = b2^(-1)*(Qg - Ql - Q) 
For I = 1 To nBusbars 
    If bustype(I) <> "SB" Then 
        For j = 1 To nBusbars 
            If bustype(j) <> "SB" Then 
                X1(I, j) = -X1(I, j) 
            End If 
        Next j 
    End If 
Next I 
For j = 1 To nBusbars 
    If bustype(j) <> "SB" Then 
    For I = 1 To nBusbars 
    If bustype(I) <> "SB" Then 
        If (I <> j) Then 
            X1(I, j) = X1(I, j) / X1(j, j) 
            For k = 1 To nBusbars 
                If bustype(k) <> "SB" Then 
                If (k <> j) Then 
                    X1(I, k) = X1(I, k) - X1(I, j) * X1(j, k) 
                End If 
                End If 
            Next k 
        End If 
    End If 
    Next I 
    For I = 1 To nBusbars 
        If bustype(I) <> "SB" Then 
            If (I <> j) Then 
                X1(j, I) = -X1(j, I) / X1(j, j) 
            End If 
        End If 
    Next I 
    X1(j, j) = 1 / X1(j, j) 
    End If 
Next j 
 
         For I = 1 To nBusbars 
If bustype(I) <> "SB" And bustype(I + nBusbars) <> "GB" Then 
For j = 1 To nBusbars 
If bustype(j) <> "SB" And bustype(j + nBusbars) <> "GB" Then 
     X2(I, j) = -b(I, j) 
      End If 
        Next j 
    End If 
Next I 
For j = 1 To nBusbars 
If bustype(j) <> "SB" And bustype(j + nBusbars) <> "GB" Then 
    For I = 1 To nBusbars 
If bustype(I) <> "SB" And bustype(I + nBusbars) <> "GB" Then 
        If (I <> j) Then 
            X2(I, j) = X2(I, j) / X2(j, j) 
            For k = 1 To nBusbars 
If bustype(k) <> "SB" And bustype(k + nBusbars) <> "GB" Then 
      If (k <> j) Then 
      X2(I, k) = X2(I, k) - X2(I, j) * X2(j, k) 
      End If 
        End If 
          Next k 
     End If 
       End If 
    Next I 
    For I = 1 To nBusbars 
If bustype(I) <> "SB" And bustype(I + nBusbars) <> "GB" Then 
            If (I <> j) Then 
             X2(j, I) = -X2(j, I) / X2(j, j) 
            End If 
        End If 
    Next I 
    X2(j, j) = 1 / X2(j, j) 



























APPENDIX 2  
  
             Load Flow  Iteration Results    
 
        System shown in Fig. 3.1, complete solution 
 
                             Load Flow Results 
                             ---------------------- 
 
Busbar   Name         Voltage       Generation     Load 
                                   MW    MVAr      MW    MVAr 
 
 1                   1.000<  0.0  94.7   64.5       0.0    0.0 
 2                   0.925< -3.0   0.0    0.0      60.0   32.0 
 3                   0.915< -3.9   0.0    0.0      70.0   43.0 
 4                   0.904< -2.2   0.0    0.0      80.0   64.0 
 5                   1.000<  1.8 125.0   80.6       0.0    0.0 
 
         Line Flows 
         ----------- 
Between bus        Sending End                   Reciving End 
                     MW     MVAr                  MW     MVAr 
  1 - 2             45.3    29.4               -43.4   -28.6 
  2 - 5            -51.7   -26.5                53.5    29.4 
  3 - 5            -34.9   -20.7                36.0    20.6 
  5 - 4             35.5    30.7               -34.2   -32.3 
  4 - 1            -45.9   -31.7                49.4    35.2 
 
         2-Winding Transformer Flows 
         ----------- 
Between Bus        Primary                       Secondary 
                    MW      MVAr                  MW      MVAr 
  2 - 3             35.1    23.1               -35.1   -22.3 
 
         Total System Generation = 219.73 MWs ,    145.17 MVArs 
 
         Total System Load = 210.00 MWs ,    139.00 MVArs 
 
         Transimission Losses =   9.70 MWs 
         Number Of Iterations = 10 
 
            
 














System shown :- Fig. 3.1; one iteration  
                                                                                     
 
(1P1Q1) First Iteration                                    
 
                             Load Flow Results   
                                        ---------------------- 
 
Busbar   Name         Voltage       Generation     Load 
                                   MW    MVAr      MW    MVAr 
 
 1                   1.000<  0.0   0.0   -3.0       0.0    0.0 
 2                   0.955< -4.6  60.0   28.0      60.0   32.0 
 3                   0.946< -5.4  70.0   40.0      70.0   43.0 
 4                   0.934< -4.8  80.0   59.0      80.0   64.0 
 5                   1.000<  0.7   0.0   -9.0       0.0    0.0 
 
         Line Flows 
         ----------- 
Between bus        Sending End                   Reciving End 
                     MW     MVAr                  MW     MVAr 
  1 - 2             54.6     6.7               -52.7    -5.9 
  2 - 5            -54.0   -10.0                55.6    11.8 
  3 - 5            -36.3   -11.2                37.3    10.0 
  5 - 4             43.4    16.3               -42.2   -18.6 
  4 - 1            -57.4    -3.8                60.9     7.2 
 
         2-Winding Transformer Flows 
         ----------- 
Between Bus        Primary                       Secondary 
                    MW      MVAr                  MW      MVAr 
  2 - 3             31.7    21.4               -31.7   -20.7 
 
         Total System Generation = 125.00 MWs ,    -12.00 MVArs 
 
         Total System Load = 210.00 MWs ,    139.00 MVArs 
 
         Transimission Losses =   0.00 MWs 




      (1P1Q1) First Iteration                           













               System shown :-  Fig. ; two iterations 
 
                 (2P2Q) Second Iteration     
 
 
                             Load Flow Results 
                             ---------------------- 
 
Busbar   Name         Voltage       Generation     Load 
                                   MW    MVAr      MW    MVAr 
 
 1                   1.000<  0.0 115.6   13.9       0.0    0.0 
 2                   0.919< -3.6 -15.0   37.5      60.0   32.0 
 3                   0.910< -4.5   2.0   11.1      70.0   43.0 
 4                   0.885< -3.1 -19.6   41.7      80.0   64.0 
 5                   1.000<  1.4 136.2   38.1       0.0    0.0 
 
         Line Flows 
         ----------- 
Between bus        Sending End                   Reciving End 
                     MW     MVAr                  MW     MVAr 
  1 - 2             52.7    30.4               -50.2   -28.4 
  2 - 5            -54.4   -28.4                56.4    32.1 
  3 - 5            -36.0   -21.7                37.2    22.1 
  5 - 4             39.9    38.0               -38.1   -37.4 
  4 - 1            -57.0   -34.3                62.2    40.4 
 
         2-Winding Transformer Flows 
         ----------- 
Between Bus        Primary                       Secondary 
                    MW      MVAr                  MW      MVAr 
  2 - 3             32.2    20.7               -32.2   -20.0 
 
         Total System Generation = 240.59 MWs ,     51.97 MVArs 
 
         Total System Load = 210.00 MWs ,    139.00 MVArs 
 
         Transimission Losses =   9.22 MWs 
















           System shown :-  Fig. ; three iterations 
 
               (3P3Q) Third Iteration 
 
                             Load Flow Results 
                             ---------------------- 
 
Busbar   Name         Voltage       Generation     Load 
                                   MW    MVAr      MW    MVAr 
 
 1                   1.000<  0.0 114.9   70.8       0.0    0.0 
 2                   0.921< -2.7 -12.4   -4.2      60.0   32.0 
 3                   0.912< -3.7   1.8    1.3      70.0   43.0 
 4                   0.895< -1.8 -15.1   -7.8      80.0   64.0 
 5                   1.000<  2.0 133.5   92.3       0.0    0.0 
 
         Line Flows 
         ----------- 
Between bus        Sending End                   Reciving End 
                     MW     MVAr                  MW     MVAr 
  1 - 2             44.2    32.0               -42.2   -31.1 
  2 - 5            -52.2   -28.0                54.1    31.2 
  3 - 5            -35.1   -21.6                36.3    21.7 
  5 - 4             34.4    34.7               -33.0   -35.7 
  4 - 1            -44.5   -37.9                48.4    42.0 
 
         2-Winding Transformer Flows 
         ----------- 
Between Bus        Primary                       Secondary 
                    MW      MVAr                  MW      MVAr 
  2 - 3             34.7    22.5               -34.7   -21.7 
 
         Total System Generation = 239.89 MWs ,    163.05 MVArs 
 
         Total System Load = 210.00 MWs ,    139.00 MVArs 
 
         Transimission Losses =  12.74 MWs 




















          System shown :-  Fig. ; four iterations 
                  
              (4P4Q) Fourth Iteration 
                               
 
                             Load Flow Results 
                             ---------------------- 
 
Busbar   Name         Voltage       Generation     Load 
                                   MW    MVAr      MW    MVAr 
 
 1                   1.000<  0.0  92.6   74.1       0.0    0.0 
 2                   0.925< -2.9   0.3   -4.6      60.0   32.0 
 3                   0.915< -3.8   0.1   -0.3      70.0   43.0 
 4                   0.907< -2.0   2.5   -9.7      80.0   64.0 
 5                   1.000<  1.9 124.8   87.6       0.0    0.0 
 
         Line Flows 
         ----------- 
Between bus        Sending End                   Reciving End 
                     MW     MVAr                  MW     MVAr 
  1 - 2             44.4    29.5               -42.5   -28.8 
  2 - 5            -51.6   -26.4                53.4    29.2 
  3 - 5            -34.9   -20.7                36.0    20.5 
  5 - 4             34.3    29.6               -33.1   -31.6 
  4 - 1            -43.3   -31.8                46.6    34.8 
 
         2-Winding Transformer Flows 
         ----------- 
Between Bus        Primary                       Secondary 
                    MW      MVAr                  MW      MVAr 
  2 - 3             35.3    23.4               -35.3   -22.5 
 
         Total System Generation = 217.62 MWs ,    161.60 MVArs 
 
         Total System Load = 210.00 MWs ,    139.00 MVArs 
 
         Transimission Losses =  10.42 MWs 





                    (1P1Q1) Fourth Iteration     
 










        System shown :-  Fig. ; five iterations 
    
               (5P5Q) Fifth Iteration    
 
                             Load Flow Results 
                             ---------------------- 
 
Busbar   Name         Voltage       Generation     Load 
                                   MW    MVAr      MW    MVAr 
 
 1                   1.000<  0.0  91.0   64.3       0.0    0.0 
 2                   0.925< -3.0   1.2    0.2      60.0   32.0 
 3                   0.915< -3.9  -0.2   -0.2      70.0   43.0 
 4                   0.906< -2.2   3.6    0.7      80.0   64.0 
 5                   1.000<  1.7 123.6   79.3       0.0    0.0 
 
         Line Flows 
         ----------- 
Between bus        Sending End                   Reciving End 
                     MW     MVAr                  MW     MVAr 
  1 - 2             45.5    29.1               -43.5   -28.3 
  2 - 5            -51.6   -26.4                53.4    29.2 
  3 - 5            -34.9   -20.7                36.0    20.5 
  5 - 4             35.6    29.7               -34.3   -31.5 
  4 - 1            -45.9   -30.4                49.3    33.7 
 
         2-Winding Transformer Flows 
         ----------- 
Between Bus        Primary                       Secondary 
                    MW      MVAr                  MW      MVAr 
  2 - 3             35.1    23.2               -35.1   -22.4 
 
         Total System Generation = 215.98 MWs ,    143.52 MVArs 
 
         Total System Load = 210.00 MWs ,    139.00 MVArs 
 
         Transimission Losses =   9.27 MWs 
         Number Of Iterations = 5 
 
  
                                         Appendix 3 
  
 
              Load Flow Results – Full Newton-Raphson   
                           ----------------------              
 
 Busbar      Name        Voltage  Generation           Load       
                                  MW    MVAr        MW    MVAr  
 
 1      {MUKHA P/S}  1.000<  0.0 102.0  -31.6       0.0    0.0  
 2  {RASKAT.P/S}     1.000<  1.4 110.0   55.0       0.0    0.0  
 3       {HISWA P/S  1.000<  7.7  92.0   40.0       0.0    0.0  
 4  {Dhabban DPS}    0.987<-19.0  33.8   27.0       0.0    0.0  
 5   {Sana'a DPS }   0.975<-19.9   9.5    8.0       0.0    0.0  
 6  {HALI P/S}       1.028< -3.5   5.9   -2.2       0.0    0.0  
 7   {TAIZ DPS}      1.053< -8.4   8.2   -3.0       0.0    0.0  
 8    {JA'AR P/S}    0.990< -4.7   4.6    3.2       0.0    0.0  
 9     {MANSOURA P/  1.000<  7.1  33.8   24.7       0.0    0.0  
 10   {KHOR-SAR P/S  0.986<  6.1  15.8   12.7       0.0    0.0  
 11   {HODAIDA S/S}  1.071< -1.8   0.0    0.0       0.0    0.0  
 12                  1.009< -2.6   0.0    0.0       4.0    3.1  
 13  {BAJIL BSP}     1.052< -3.7   0.0    0.0       0.0    0.0  
 14  {HODAIDA BSP}   1.065< -2.1   0.0    0.0       0.0    0.0  
 15    {JARAHI BSP}  1.041< -3.0   0.0    0.0       0.0    0.0  
 16   {DHAMAR BSP}   0.958<-11.5   0.0    0.0       0.0    0.0  
 17 { MUKHA  s/s }   1.010< -1.7   0.0    0.0       0.0    0.0  
 18 {MUKHA}          1.002< -2.6   0.0    0.0       3.9    2.0  
 19  {BARH BSP}      0.998< -4.5   0.0    0.0       0.0    0.0  
 20 {TAIZ BSP}       0.989< -6.8   0.0    0.0       0.0    0.0  
 21     {IBB  BSP}   0.972< -9.1   0.0    0.0       0.0    0.0  
 22 {RAHIDA BSP}     1.007< -6.3   0.0    0.0       0.0    0.0  
 23 {SANA'A BSP}     0.879<-19.6   0.0    0.0       0.0    0.0  
 24   {AMRAN BSP}    0.876<-19.9   0.0    0.0       0.0    0.0  
 25                  1.030< -3.8   0.0    0.0      26.0   19.5  
 26       {N.DOUKAI  1.029< -5.4   0.0    0.0       0.0    0.0  
 27      {HISWA S/S  1.042< -4.2   0.0    0.0       0.0    0.0  
 28        {BAJIL }  0.987< -4.7   0.0    0.0       4.3    3.5  
 29    {JARAHI }     1.009< -5.1   0.0    0.0       5.8    4.7  
 30      {HABILAIN   1.029< -5.5   0.0    0.0       0.0    0.0  
 31             {RA  0.991< -7.5   0.0    0.0       5.2    3.9  
 32                  0.998< -7.0   0.0    0.0       0.0    0.0  
 33       {TAIZ }    1.012< -8.6   0.0    0.0      36.7   27.8  
 34          {HABIL  1.015< -6.5   0.0    0.0       4.8    3.6  
 35                  1.021< -6.1   0.0    0.0       0.0    0.0  
 36          {HISWA  0.950<  6.2   0.0    0.0      43.0   32.3  
 37                  0.945<  1.7   0.0    0.0       0.0    0.0  
 38 {MANSOURA S/S    0.948<  6.1   0.0    0.0       5.6    4.3  
 39   {SHINAZ S/S }  0.932<  5.4   0.0    0.0      35.0   26.2  
 40    {KHOR-SAR S/  0.934<  5.4   0.0    0.0      16.8   12.7  
 41                  0.933<  6.2   0.0    0.0       0.0    0.0  
 42     { SANA'A }   0.932<-20.2   0.0    0.0     142.0  106.0  
 43 {AMRAN }         0.919<-20.8   0.0    0.0      10.7    9.0  
 44    {JA'AR S/S}   1.045< -4.4   0.0    0.0       0.0    0.0  
 45                  0.987< -5.0   0.0    0.0       7.8    5.8  
 46    {DHAMAR}      0.995<-16.2   0.0    0.0      19.8   14.9  
 47 { IBB }          0.983<-12.8   0.0    0.0      22.4   16.6  
 48       {BARH }    0.960< -7.3   0.0    0.0      11.5    8.9  
 
  
    Load Flow Results – Fast Decoupled with 2 iterations  
                            ----------------------                   
 
 
Busbar   Name         Voltage       Generation     Load  
                                   MW    MVAr      MW    MVAr  
 
 1      {MUKHA P/S}  1.000<  0.0  -2.2  -28.6       0.0    0.0  
 2  {RASKAT.P/S}     1.000<-60.3 107.0   56.4       0.0    0.0  
 3       {HISWA P/S  1.000< -0.5  91.2   31.5       0.0    0.0  
 4  {Dhabban DPS}    1.000<-33.0  33.8    0.4       0.0    0.0  
 5   {Sana'a DPS }   1.000<-33.9   9.5    0.1       0.0    0.0  
 6  {HALI P/S}       1.000<-65.2   6.0  -11.6       0.0    0.0  
 7   {TAIZ DPS}      1.000<-27.5   8.3  -33.6       0.0    0.0  
 8    {JA'AR P/S}    1.000<-19.3   4.6    4.5       0.0    0.0  
 9     {MANSOURA P/  1.000< -1.1  33.5   16.9       0.0    0.0  
 10   {KHOR-SAR P/S  1.000< -2.4  15.5   18.6       0.0    0.0  
 11   {HODAIDA S/S}  1.068<-63.5 119.2  -26.5       0.0    0.0  
 12                  1.006<-64.3  -0.1    0.0       4.0    3.1  
 13  {BAJIL BSP}     1.043<-52.2   1.5   22.2       0.0    0.0  
 14  {HODAIDA BSP}   1.058<-63.8  -6.0    4.4       0.0    0.0  
 15    {JARAHI BSP}  1.030<-31.2   2.8    6.1       0.0    0.0  
 16   {DHAMAR BSP}   0.958<-36.7  -9.4   19.3       0.0    0.0  
 17 { MUKHA  s/s }   1.002< -9.0  -4.5    4.4       0.0    0.0  
 18 {MUKHA}          0.994< -9.9   0.0    0.0       3.9    2.0  
 19  {BARH BSP}      0.987<-16.7  -1.0    3.5       0.0    0.0  
 20 {TAIZ BSP}       0.974<-23.4 -13.0    8.0       0.0    0.0  
 21     {IBB  BSP}   0.964<-29.2   0.3    4.8       0.0    0.0  
 22 {RAHIDA BSP}     0.995<-22.4  -0.1    1.3       0.0    0.0  
 23 {SANA'A BSP}     0.898<-33.5  35.0   12.4       0.0    0.0  
 24   {AMRAN BSP}    0.895<-33.9  -0.3    1.6       0.0    0.0  
 25                  1.009<-65.5  -1.5    0.2      26.0   19.5  
 26       {N.DOUKAI  1.020<-20.8   1.9    0.3       0.0    0.0  
 27      {HISWA S/S  1.037<-18.7   6.1   -3.3       0.0    0.0  
 28        {BAJIL }  0.979<-53.2   0.0    0.1       4.3    3.5  
 29    {JARAHI }     0.999<-33.3  -0.3    0.1       5.8    4.7  
 30      {HABILAIN   1.020<-21.0  -0.1    0.9       0.0    0.0  
 31             {RA  0.979<-23.6   0.0    0.1       5.2    3.9  
 32                  0.986<-23.1   0.0    0.0       0.0    0.0  
 33       {TAIZ }    0.970<-27.8  -6.3    1.4      36.7   27.8  
 34          {HABIL  1.006<-22.0  -0.2    0.0       4.8    3.6  
 35                  1.012<-21.6   0.0    0.0       0.0    0.0  
 36          {HISWA  0.952< -1.9 -20.7   -0.5      43.0   32.3  
 37                  0.947< -9.3   0.0    0.4       0.0    0.0  
 38 {MANSOURA S/S    0.952< -2.1   6.4  -13.5       5.6    4.3  
 39   {SHINAZ S/S }  0.939< -3.1  -3.7   18.3      35.0   26.2  
 40    {KHOR-SAR S/  0.943< -3.1   1.4    0.4      16.8   12.7  
 41                  0.943< -2.3  -2.7    2.0       0.0    0.0  
 42     { SANA'A }   0.952<-34.1   2.9    4.6     142.0  106.0  
 43 {AMRAN }         0.939<-34.7   0.6    0.9      10.7    9.0  
 44    {JA'AR S/S}   1.042<-19.0   0.6    0.7       0.0    0.0  
 45                  0.994<-19.6   0.0    0.1       7.8    5.8  
 46    {DHAMAR}      0.883<-42.2   1.9    2.0      19.8   14.9  
 47 { IBB }          0.975<-32.8  -1.1    0.8      22.4   16.6  




                                        Appendix 4 
 
Yemien National Grid  
 
 
Load Flow Results  
----------------------  
 
Busbar   Name         Voltage       Generation     Load  
                                   MW    MVAr      MW    MVAr  
 
 1      {MUKHA P/S}  1.000<  0.0 102.0  -31.6       0.0    0.0  
 2  {RASKAT.P/S}     1.000<  1.4 110.0   55.0       0.0    0.0  
 3       {HISWA P/S  1.000<  7.7  92.0   40.0       0.0    0.0  
 4  {Dhabban DPS}    0.987<-19.0  33.8   27.0       0.0    0.0  
 5   {Sana'a DPS }   0.975<-19.9   9.5    8.0       0.0    0.0  
 6  {HALI P/S}       1.028< -3.5   5.9   -2.2       0.0    0.0  
 7   {TAIZ DPS}      1.053< -8.4   8.2   -3.0       0.0    0.0  
 8    {JA'AR P/S}    0.990< -4.7   4.6    3.2       0.0    0.0  
 9     {MANSOURA P/  1.000<  7.1  33.8   24.7       0.0    0.0  
 10   {KHOR-SAR P/S  0.986<  6.1  15.8   12.7       0.0    0.0  
 11   {HODAIDA S/S}  1.071< -1.8   0.0    0.0       0.0    0.0  
 12                  1.009< -2.6   0.0    0.0       4.0    3.1  
 13  {BAJIL BSP}     1.052< -3.7   0.0    0.0       0.0    0.0  
 14  {HODAIDA BSP}   1.065< -2.1   0.0    0.0       0.0    0.0  
 15    {JARAHI BSP}  1.041< -3.0   0.0    0.0       0.0    0.0  
 16   {DHAMAR BSP}   0.958<-11.5   0.0    0.0       0.0    0.0  
 17 { MUKHA  s/s }   1.010< -1.7   0.0    0.0       0.0    0.0  
 18 {MUKHA}          1.002< -2.6   0.0    0.0       3.9    2.0  
 19  {BARH BSP}      0.998< -4.5   0.0    0.0       0.0    0.0  
 20 {TAIZ BSP}       0.989< -6.8   0.0    0.0       0.0    0.0  
 21     {IBB  BSP}   0.972< -9.1   0.0    0.0       0.0    0.0  
 22 {RAHIDA BSP}     1.007< -6.3   0.0    0.0       0.0    0.0  
 23 {SANA'A BSP}     0.879<-19.6   0.0    0.0       0.0    0.0  
 24   {AMRAN BSP}    0.876<-19.9   0.0    0.0       0.0    0.0  
 25                  1.030< -3.8   0.0    0.0      26.0   19.5  
 26       {N.DOUKAI  1.029< -5.4   0.0    0.0       0.0    0.0  
 27      {HISWA S/S  1.042< -4.2   0.0    0.0       0.0    0.0  
 28        {BAJIL }  0.987< -4.7   0.0    0.0       4.3    3.5  
 29    {JARAHI }     1.009< -5.1   0.0    0.0       5.8    4.7  
 30      {HABILAIN   1.029< -5.5   0.0    0.0       0.0    0.0  
 31             {RA  0.991< -7.5   0.0    0.0       5.2    3.9  
 32                  0.998< -7.0   0.0    0.0       0.0    0.0  
 33       {TAIZ }    1.012< -8.6   0.0    0.0      36.7   27.8  
 34          {HABIL  1.015< -6.5   0.0    0.0       4.8    3.6  
 35                  1.021< -6.1   0.0    0.0       0.0    0.0  
 36          {HISWA  0.950<  6.2   0.0    0.0      43.0   32.3  
 37                  0.945<  1.7   0.0    0.0       0.0    0.0  
 38 {MANSOURA S/S    0.948<  6.1   0.0    0.0       5.6    4.3  
 39   {SHINAZ S/S }  0.932<  5.4   0.0    0.0      35.0   26.3  
 40    {KHOR-SAR S/  0.934<  5.4   0.0    0.0      16.8   12.7  
 41                  0.933<  6.2   0.0    0.0       0.0    0.0  
 
 
 42     { SANA'A }   0.932<-20.2   0.0    0.0     142.0  106.0  
 43 {AMRAN }         0.919<-20.8   0.0    0.0      10.7    9.0  
 44    {JA'AR S/S}   1.045< -4.4   0.0    0.0       0.0    0.0  
 45                  0.987< -5.0   0.0    0.0       7.8    5.8  
 46    {DHAMAR}      0.995<-16.2   0.0    0.0      19.8   14.9  
 47 { IBB }          0.983<-12.8   0.0    0.0      22.4   16.6  
 48       {BARH }    0.960< -7.3   0.0    0.0      11.5    8.9  
 
Line Flows  
-----------  
Between bus        Sending End                   Reciving End  
                     MW     MVAr                  MW     MVAr  
  11 - 13           42.9    13.7               -42.6   -16.7  
  11 - 13           42.9    13.7               -42.6   -16.7  
  11 - 14           10.1     8.5               -10.0   -11.5  
  11 - 14           10.1     8.5               -10.0   -11.5  
  13 - 15           -4.4    -0.9                 4.4   -11.3  
  13 - 15           -4.4    -0.9                 4.4   -11.3  
  13 - 16           44.9    15.8               -43.5   -23.3  
  13 - 16           44.9    15.8               -43.5   -23.3  
  15 - 17           -7.3     8.7                 7.4   -19.7  
  15 - 17           -7.3     8.7                 7.4   -19.7  
  17 - 19           41.6     1.2               -41.3    -4.5  
  17 - 19           41.6     1.2               -41.3    -4.5  
  19 - 20           35.5    -0.4               -35.3    -3.3  
  19 - 20           35.5    -0.4               -35.3    -3.3  
  16 - 21          -22.9    -7.1                23.1     0.5  
  16 - 21          -22.9    -7.1                23.1     0.5  
  21 - 20          -34.3    -9.9                34.5     6.4  
  21 - 20          -34.3    -9.9                34.5     6.4  
  20 - 22          -13.5   -19.5                13.6    15.8  
  20 - 22          -13.5   -19.5                13.6    15.8  
  16 - 23           56.4    21.5               -54.7   -20.6  
  16 - 23           56.4    21.5               -54.7   -20.6  
  23 - 24            4.7     1.1                -4.7    -4.3  
  23 - 24            4.7     1.1                -4.7    -4.3  
  26 - 27          -18.7   -10.2                18.8     4.7  
  26 - 27          -18.7   -10.2                18.8     4.7  
  22 - 26          -16.2   -17.8                16.3    12.6  
  22 - 26          -16.2   -17.8                16.3    12.6  
  26 - 30            2.4    -2.4                -2.4    -1.9  
  26 - 30            2.4    -2.4                -2.4    -1.9  
  36 - 38            2.8     0.2                -2.7    -1.7  
  36 - 38            2.8     0.2                -2.7    -1.7  
  36 - 38            2.8     0.2                -2.7    -1.7  
  39 - 38          -15.8    -7.5                16.0     6.4  
  39 - 38          -15.8    -7.5                16.0     6.4  
  39 - 40           -3.4   -11.3                 3.4    11.0  
  43 - 42           -1.3    -0.6                 1.3     0.5  
  44 - 27           -1.6    -1.3                 1.6    -6.3  
  44 - 27           -1.6    -1.3                 1.6    -6.3  
  41 - 38           -4.4   -11.6                 4.5    11.8  
 
          
 
2-Winding Transformer Flows  
-----------  
Between Bus        Primary                       Secondary  
                    MW      MVAr                  MW      MVAr  
  11 - 2          -110.0   -47.5               110.0    55.0  
  11 - 12            4.0     3.2                -4.0    -3.1  
  17 - 1          -102.0    35.0               102.0   -31.6  
  17 - 18            3.9     2.1                -3.9    -2.0  
  25 - 6            -5.9     2.2                 5.9    -2.2  
  13 - 28            4.3     3.6                -4.3    -3.5  
  15 - 29            5.8     5.1                -5.8    -4.7  
  33 - 20          -28.5   -30.8                28.5    32.9  
  33 - 7            -8.2     3.0                 8.2    -3.0  
  36 - 3           -92.0   -37.3                92.0    40.0  
  23 - 42           50.0    19.5               -50.0   -18.9  
  24 - 43            9.4     8.6                -9.4    -8.4  
  42 - 5            -9.5    -7.9                 9.5     8.0  
  42 - 4           -33.8   -25.9                33.8    27.0  
  44 - 45            3.2     2.7                -3.2    -2.6  
  45 - 8            -4.6    -3.2                 4.6     3.2  
  16 - 46           19.8    17.6               -19.8   -14.9  
  21 - 47           22.4    19.0               -22.4   -16.6  
  19 - 48           11.5     9.8               -11.5    -8.9  
  40 - 10          -20.2   -23.7                20.2    24.3  
  41 - 10            4.4    11.6                -4.4   -11.6  
  38 - 9           -33.8   -23.8                33.8    24.7  
  23 - 42           50.0    19.5               -50.0   -18.9  
  14 - 25           20.1    23.1               -20.1   -21.7  
 
3-Winding Transformer Flows  
-----------  
Between Bus        Primary             Secondary           Tertiary 
                    MW      MVAr        MW      MVAr        MW      MVAr 
 22 - 31 - 32       5.2     4.1        -5.2    -3.9         0.0     0.0 
 30 - 34 - 35       4.8     3.7        -4.8    -3.6         0.0     0.0 
 27 - 36 - 37     -40.7     3.1        40.7     4.3         0.0     0.0 
 
         Total System Generation = 415.56 MWs ,    168.62 MVArs (Including Reacative 
Compensation) 
 
         Total System Load = 405.30 MWs ,    304.80 MVArs 
 
         Transimission Losses =  10.26 MWs 
         Number Of Iterations = 8 
 
  
 
